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The isolated and un-managed Soay sheep population of Hirta, St. Kilda, which has 
been monitored intensively since 1985, is a model system for host-parasite studies. 
The population undergoes high mortality events every three or more years when it 
reaches unsustainable levels. Previous research has shown that in high density years, 
although the proximate cause of host death is starvation, high helminth burdens, 
measured indirectly as strongyle egg counts also contribute to host mortality. 
Furthermore, strongyle resistance has been shown to be an inherited trait. Thus, 
despite the apparently strong selection from strongyle parasites the population retains 
inherited variation for strongyle parasite resistance, contrary to the predictions of 
evolutionary theory. The precise mechanism maintaining the genetic variation is 
unclear, but one possibility is that the measure of parasitism used (strongyle egg 
count) is too crude and parasite diversity both within parasite groups such as 
helminths and protozoa, and between lifestyle groups such as parasites with 
extracellular versus intracellular life stages, may explain why host genetic diversity is 
maintained. In this research, ecological aspects of the host-parasite system were 
investigated, including the epidemiology and diversity of the parasite populations and 
their associations with host traits, both in hosts that died in a population crash and in 
living hosts across three years of varying host population density. 
In hosts that died in the 2001/2 population crash, hitherto unknown and unexpected 
trends in the abundance of the main parasite species with host age were revealed. 
Specifically, previous studies in this system have failed to identify large 
Trichostrongylus axei and T. vitrinus burdens in the abomasum and small intestine 
respectively, which declined with host age, whereas Teladorsagia circumcincta 
burdens actually increased over the first few host age classes. Also male hosts had 
significantly higher burdens of Trichostrongylus species than females, with this genus 
making up a higher proportion of the strongyle-egg producing female adult nematode 
community in male hosts. These findings raise questions concerning previous 
interpretations of the main strongyle species contributing to strongyle egg counts. 
In living hosts sampled in late summer, the inventory of parasite species known to 
infect the sheep was increased by 40% with the identification of thirteen species of 
protozoa (Cryptosporidium parvum, Giardia duodenalis and eleven species of 
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Eimeria) most of which have intracellular phases in their life cycles and likely, 
therefore, to exert contrasting selection on their hosts compared with extracellular 
helminth parasites. In general, protozoan burdens declined with host age and were 
higher in males than females; different species' burdens appeared to lag the host 
population dynamics to different extents and only C. parvum varied positively with 
host population density. 
In living hosts sampled in late summer, simultaneous measures of strongyle, ked 
(Melophagus ovina) and, to a lesser extent, mixed Eimeria species intensity for 
individual hosts each explained independent variation in host body weight. Measures 
of parasitism laying more emphasis on parasite species or taxonomic diversity than on 
intensity were less successful at explaining host weight variation. No associations 
were detected between parasite diversity or intensity and the probability of survival 
through the 2001/2 population crash, possibly because of low statistical power. The 
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Chapter 1 
Parasite Diversity in a Free-living Host Population 
1.1 	Introduction 
Existing, unmanaged, on the remote island of Hirta, St. Kilda, is a feral population of 
Soay sheep (Ovis aries L.) hosting a varied assemblage of parasite species and 
surviving despite their presumably deleterious effects (Wilson, Grenfell et al. 2004). 
Where natural selection operates on a population with inherited variation of selected 
trait, evolution should result. Deleterious parasites should, therefore, select host 
genotypes conferring resistance in a host population. However, in Soay sheep, 
despite selection by helminth parasites, there is heritable variation in helminth parasite 
resistance (Coltman, Wilson et al. 2001). Where such apparently strong selective 
forces persist, the mechanisms which maintain genetic variation in the population 
remain obscure. One possibility is that the measure of parasitism used (combined 
faecal egg count or FEC of several strongyle species) is too crude a measure and 
parasite species diversity may hold the answer to why host genetic diversity is 
maintained. In natural populations, such as the St. Kilda Soay sheep, concomitant 
infections with mixed metazoan and protozoan parasite species are the rule rather than 
the exception and recent research has focussed on the ecology of mixed species 
infections in host populations (Cox 2001; Poulin 2001; Read and Taylor 2001; 
Roberts, Dobson et al. 2002). In this review of the literature, a background to the 
previous research on helminth parasites of the St. Kilda Soay sheep population and 
their effects will be given. The gap in our knowledge of the protozoan parasite fauna 
will be addressed. Then, the possible role of parasite diversity in maintaining host 
genetic diversity in the sheep will be discussed. 
1.2 The enigma of maintained heritable variation in parasite resistance 
The Soay sheep have occupied their remote site on the island of Soay, St. Kilda for at 
least 2000 years (Jewell 1995). In 1932, two years after the human evacuation, just 
over 100 sheep from that island were introduced to the larger adjacent island of Hirta 
(Chapter 2, Fig. 2.1). Without the constraints of management, predation or 
competition from other herbivores (Grubb 1974), they survive high mortality events at 
intervals of three or more years, when the population reaches an unsustainable level in 
relation to its food supply. A consistent finding has been that FEC is negatively 
associated with host survival in crash years (Illius, Albon et al. 1995; Coltman, 
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Pilkington et al. 1999) and through experiment (Gulland 1992) was able to prove that 
helminth parasites play a significant role in exacerbating the effects of protein-energy 
malnutrition, experienced by the sheep in high density years, and hence contribute to 
their high mortality. 
The impact of helminth parasites on host mortality makes them one of the most likely 
agents of natural selection. Haldane (1949) first suggested the influence of parasites 
on host polymorphisms, in that alleles conferring resistance provide a selective 
advantage. In the Soay sheep it has been shown that there is inherited variation in 
resistance to gastrointestinal helminths (Smith 1999; Coltman, Pilkington et al. 2001). 
In general, parasites may promote host genetic diversity at loci including the MHC in 
two ways (Paterson, Wilson et al. 1998). First, through heterozygous advantage, 
where the ability to recognise a wide diversity of parasites is achieved by a high level 
of heterozygosity within the MHC (Frank 1994) and second by means of frequency 
dependence, specifically the Red Queen hypothesis (Lively, Craddock et al. 1990) 
whereby parasites evolve to infect hosts carrying common alleles, thus favouring the 
coexistence of many rare alleles. Recent experimental work has provided evidence 
for selective advantage for MHC heterozygosity in mice exposed to infections of 
Salmonella enterica and Theiler's murine encephalomyelitis virus and multiple-stain 
infections of Salmonella and Listeria (Penn, Damjanovich et al. 2002; McClelland, 
Penn et al. 2003). 
Gulland, Albon et al. (1993) were able to show heterozygous advantage at the 
Adenosine deaminase (Ada) locus in Soay sheep. Assayed by protein electrophoresis, 
at this locus there are two alleles; F and S, and three possible genotypes; FS, FF and 
SS. Of the three, FS sheep were least likely to die compared with FF or SS sheep 
over three consecutive population crashes. Furthermore, at lambing females with the 
homozygous genotype FF had the highest periparturient rise (PPR) in strongyle eggs 
in their faeces. Also, females with the heterozygous genotype were less likely to have 
strongyle type eggs in their faeces in August. 
In later analysis, Paterson, Wilson et al. (1998) were able to provide evidence that 
selection was occurring at the MHC. The MHC consists of a group of tightly linked 
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genes which code for molecules able to present antigens to T lymphocytes (Wakelin 
1996). Many loci in the MI-IC have very high levels of heterozygosity (Paterson, 
Wilson et al. 1998) and it is believed that this polymorphism is maintained by the 
selective force of parasites (Klein and O'Huigin 1994). Individual alleles at 
microsatellite loci within the MHC were found to be associated with resistance to 
strongyle type nematodes in lambs and yearlings, and appeared to confer higher 
survivorship in those animals. 
Another polymorphism, also associated with strongyle resistance, was studied by 
Crawford and McEwan (1998) and Coltman, Wilson et al. (2001) in the interferon 
gamma gene. Interferon gamma is a cytokine which is involved in the switching of 
the immune response between a Th2 mediated response against extracellular parasites 
such as gastrointestinal helminths and a Th 1 response against intracellular pathogens. 
An allele occurring at a microsatellite located within the first intron of the gene was 
found to be associated with a reduction of faecal egg count and an increase of IgA in 
lambs. Further statistical analysis suggested that IgA levels mediated the effect of 
interferon gamma on FEC. However, despite the detrimental effect of helminth 
parasites on host survival and the presence of this supposed resistance allele, there 
was no statistical association between its presence and the probability of over-winter 
survival in lambs (Coltman, Wilson et al. 2001). 
Considering the apparently strong selection that helminth parasites exert on the Soay 
sheep (Coltman, Pilkington et al. 1999), it is unclear why advantageous alleles do not 
rise to fixation in the population (Paterson, Wilson et al. 1998) and why genetic 
variation is maintained. It is possible that different parasite species, even within the 
helminth community, select different host resistance alleles and that research to date 
on St. Kilda has not refined parasite data to species sufficiently for this to be detected. 
One specific question investigated in this thesis is the possibility of balancing 
selection for resistance to helminths and protozoa. In the case of interferon gamma it 
is possible that there is a trade off between an increased resistance to gastrointestinal 
nematodes by enhanced Th2 response with an increased susceptibility to intracellular 
protozoa by a concomitant suppression of the Th 1 response. This situation would lead 
to maintenance of the polymorphism (Coltman, Wilson et al. 2001), provided the 
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population was also challenged by intracellular parasites. Prior to the present 
investigation, protozoans with intracellular stages were known in Soay sheep, but had 
not been extensively investigated. 
1.3 Parasite diversity and ecology 
The St. Kilda Soay sheep represent a naturally parasitized mammal population 
infected with diverse metazoan and protozoan parasites for which host genetic data is 
available. In order to fully understand the host-parasite relationship, including 
epidemiology, associations between species and associations with host traits and 
fitness components and eventually, associations between parasite diversity and host 
genetic diversity, it is essential to first elucidate the extent of the diversity and then 
identify the potentially pathogenic species. In this section, full consideration is given 
to those species present on St. Kilda but not considered deleterious in earlier reviews 
of St. Kilda Soay sheep parasites (Gulland 1992; Wilson, Grenfell et al. 2004) yet 
which under certain circumstances could be pathogenic. 
1.3.1 Helminth parasites 
Parasitological investigations were initiated in the population crash of 1964 by 
Cheyne, Foster et al. (1974) and continued by Gulland (1992) and Pilkington 
(unpublished). Their investigations provided the list of helminth species known to 
parasitize the St. Kilda Soay sheep (Wilson, Grenfell et al. 2004). The species 
confirmed in this project are shown in Table I.I. The list comprises two species of 
tapeworm, two species of lungworm and ten species of gastrointestinal nematode. In 
line with the findings of Stevenson, Gasser et al. (1996), Braisher (1999) and Leignel, 
Cabaret et at. (2002) the three 'species' of Teladorsagia (T circumcincta, T. davtiani 
and T. trfurcata) are considered as a simple species with morphological 
polymorphism, since molecular studies do not discriminate the morphs. 
According to Coop and Jackson (2000), although most of the species can contribute to 
disease in domesticated sheep, three genera of the gastro-intestine are considered to 
be particularly pathogenic under certain circumstances; these are Teladorsagia and 
Trichostrongylus, the main cause of parasitic gastroenteritis or PGE and Nematodirus, 
causing nematodiriasis in lambs. In the lungs, Dictyocaulusfilaria can be pathogenic 
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in lambs (Malone 2000). The life-cycles and pathogenicity of these main species and 
of the other occasionally disease-causing species are given below. 
Table 1.1 Helminth parasites previously known to infect the St. Kilda Soay sheep and 
confirmed in this study. The presence of Nematodirus helvetianus from the small 
intestine (Wilson, Grenfell et al. 2004) was not confirmed. 
Species Predilection site 
Moniezia expansa Small intestine 
Taenia hydatigena Intestinal mesentery 
Dictyocaulusfilaria Lungs 





Trichostrongylus axei Abomasum 
Trichostrongylus vitrinus Small intestine 
Capillaria longipes Small intestine 
Strongyloides papillosus Small intestine 
Nematodirus battus Small intestine 
Nernatodirusfihicollis Small intestine 
Bunostomurn trigonocep ha/urn Small intestine 
Trichuris ovis Large intestine 
Chabertia ovina Large intestine 
Teladorsaqia and Tnchostronq v/us species and parasitic ciastroenteritis 
Parasitic gastroenteritis is a clinical condition of sheep which can occur due to a 
combination of host stress and high nematode burden. The symptoms of disease are 
anorexia, weight loss and general lack of thrift. The predominant causative species 
belong to the genera Teladorsagia and Trichostrongylus (Figs. Al .4 and A1.7; 
Figures referred to are in Appendix 1: Taxonomy) and follow a typical 
trichostrongylid life-cycle. Eggs shed onto the pasture produce free living larval 
stages (Li and L2) which moult to become directly infective when ingested (1,3). The 
larvae reach maturation after experiencing two more moults (L4 and L5) within the 
host. Understanding the epidemiology is crucial in understanding the disease. 
Although both genera have infective L3 capable of over-wintering on the pasture, 
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Teladorsagia larvae have a greater propensity to undergo hibernation within the host 
in a state of arrested development (hypobiosis) in the gastric glands. This has 
implications for how infection occurs in susceptible spring lambs. Coop and Jackson 
(2000) identify two main sources of infection which can lead to parasitic 
gastroenteritis. Neonates become infected by L3 larvae that have successfully 
survived the winter on the pasture and this leads to new generations of strongyle eggs 
being shed by them. Concurrently, lambing ewes experience a peri-parturient 
suppression of their immunity allowing new infections to readily establish and 
arrested larvae to mature to adults amongst which females are probably more fecund 
that normal (peri-parturient rise in FEC or PPR) (Urquhart, Armour et al. 1999). The 
increased egg output from ewes is another important source of infection for lambs. 
Ultimately adult Teladorsagia spp. and Trichostrongylus axei parasitize the lumen of 
the sheep abomasum and Trichostrongylus vitrinus, the lumen of the small intestine. 
However, Balic, Bowles et al. (2000) describe differences between the predilection 
sites of the L3 and L4 larvae for each genus and this is crucial in our understanding of 
their respective pathogenicities and of the immunological response their infections 
elicit. 
The abomasum and small intestine are glandular organs, lined with columnar 
epithelial cells secreting mucous. Gastric pits or invaginations of this lining 
characterise the surface (Frandson 1986). Within the gastric glands of the abomasum, 
L3 Teladorsagia larvae develop, anteriorly facing into the pit and posteriorly 
embedded in the mucous membrane. The L4 continue to develop in the gastric pit 
causing its distension and hyperplasia of the mucous secreting cells, resulting in the 
appearance of raised nodules surrounding the gland (Blood and Radostits 1990; Coop 
and Jackson 2000). In Soay sheep that died in the population crash of 1989, Gulland 
(1992) observed raised nodules consistent with this pathology. On mass emergence of 
larvae from the glands, there are significant cellular and biochemical changes within 
the abomasum which result in the failure of the conversion of pepsinogen to pepsin. 
The accumulating pepsinogen leaks back into the blood vessels and along with the 
effects of anorexia and poor protein conversion contributes to hypoproteinemia 
(Blood and Radostits 1990). 
In Trichostrongylus axei in the abomasum and Trichostrongylus vitrinus in the small 
intestine, development of the L3 and L4 larvae occurs between the epithelial layer and 
the connective tissue beneath (lamina propria) where the larvae actively tunnel 
(Taylor and Pearson 1979; Taylor and Kilpatrick 1980; Balic, Bowles et al. 2000). At 
necropsy mechanical damage of the mucosal epithelium is observed in the form of 
erosions of the mucosa (Blood and Radostits 1990) consistent with the pathology 
observed on the abomasum walls of sheep that died in the population crash of 1989 
Gulland (1992). The damage caused by T. axei also results in hypoproteinemia 
(Blood and Radostits 1990). Therefore, the protein deficiency observed by Gulland 
(1992) in crash dead hosts could have been caused by a combination of malnutrition 
and both Teladorsagia and Trichostrongylus species infection. 
According to Balic, Bowles et al. (2000) the micro-environmental niche chosen by the 
larval stages influences the effect the host immune response has on invasion. The 
chosen niche may reflect an evolutionary mechanism to avoid host immune responses. 
Balic, Bowles et al. (2000) suggest that by developing within the gastric glands, 
Teladorsagia spp. is able to develop in isolation, protected from the brunt of 
eosinophilia. The propensity of Teladorsagia spp. to undergo arrested development 
within the glands implies the species is more successful at longer term survival in the 
host than T. axei or T. vitrinus. 
Nematodirus battus and Nematod iriasis 
Nematodiriasis refers to the specific disease that can be caused by Nematodirus battus 
(Fig. A1.5) infection in lambs. Clinical signs of the disease are enteritis accompanied 
by severe weight loss and profuse diarrhoea and dehydration. The singular life-cycle 
and epidemiology of this parasite demands a separate discussion from those 
contributing to general parasitic gastroenteritis. Firstly, infectivity of the larvae (L3) 
is reached within the tough protective shell of the egg over a long period. A pre-
requisite to hatching is a period of prolonged chill followed by a dramatic increase in 
temperature, an adaptation for successfully over-wintering on the pasture and 
ensuring a continuation of development inside susceptible lambs in the spring. 
Because there is a simultaneous onslaught of infection by large numbers of Us of this 
species, disease in neonates can occur. It may however be avoided if, the hatching L3 
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are early and lambs are still mainly suckling or hatching L3 are late and the lambs 
have acquired resistance (Urquhart, Armour et al. 1999). 
According to Balic, Bowles et al. (2000) the L3 larvae of N battus begin development 
in crypts of the small intestine villi, then continue to invade the submucosa as L4 
before emerging as adults into the lumen. The associated pathological changes include 
inflammation of the intestinal mucosa, lesions and distortion of the villi (Coop and 
Jackson 2000). An important aspect of nematodiriasis is that disease is entirely due 
to these larval stages and so presence of the distinctive eggs in faeces is of limited 
diagnostic value. Provided a certain threshold of infective larvae is ingested, the 
immune response of the well-nourished lamb is capable of expelling the majority of 
the primary adult population within three weeks (Balic, Bowles et al. 2000). 
Parasitic bronchitis 
According to Malone (2000) parasitic bronchitis is a condition occasionally seen in 
lambs in autumn or early winter. Symptoms of disease include coughing, increased 
respiratory rate and nasal discharge with severe infections causing weight loss 
(Malone 2000). The main causative species is Dictyocaulusfilaria (Fig. Al .3) which 
infects the Soay sheep population. The adult nematode occupies the trachea and 
bronchi and lays eggs which are coughed up, swallowed and expelled by the host. By 
the time of expulsion, the eggs have hatched into larvae which become infective 
within a few days. Once ingested the larvae begin a migration through the host 
tissues and via the lymphatic and circulatory system from the small intestine to the 
bronchi (Malone 2000). The immune response to the migrating larvae in the 
bronchioles and bronchi can cause bronchitis resulting in pneumonia. 
Muellerius capillaris (Fig. Al .2) are much smaller lungwonns also infecting the Soay 
sheep which live in barely perceptible nodules in the lung parenchyma (Soulsby 1986) 
and are generally believed to be much less pathogenic in sheep than D. filaria. They 
also leave the host as larvae but continue their development in molluscan intermediate 
hosts; probably species of Limax and Anon slugs on Hirta (Waterston 1981). 
1.11 
Other helminth species and related helminthiases 
Bunostomiasis or hookworm disease can occur in sheep with heavy infestations of 
Bunostomum trigonocephalum (Fig. Al .9) with the consequences of anaemia and 
hypoproteinemia (Blood and Radostits 1990). The infective larvae can enter the host 
either through ingestion or through penetrating the skin and then migrate to the small 
intestine where the adults actively suck blood (Soulsby 1986). Another skin 
penetrating nematode, with an otherwise singular lifecycle is Strongyloides papillosus 
(Fig. A1.8). Larvae hatching from eggs of this species have a dichotomous route, 
either they develop into infective Us or they develop into free-living forms which 
may go on to produce infective Us. Only the parthenogenetic females of this species 
are parasitic and found embedded in the mucosa of the small intestine. According to 
Turner (1959) massive infections can cause symptoms of anorexia, weight loss, 
anaemia and death in lambs. On post-mortem examination the intestinal mucosa 
shows signs of erosion. 
Another nematode which can cause anaemia in heavy infections is Chabertia ovina 
(Fig. A1.10), a mucosal plug feeder of the large intestine. After ingestion of infective 
larvae and development in the wall of the small intestine, L4 larvae migrate to and 
develop further in the lumen of the caecum before eventually settling in the colon 
(Soulsby 1986). 
There are two species of tapeworm found in the Hirta Soay sheep population. The 
sheep act as the definitive and intermediate host for Moniezia expansa and Taenia 
hydatigena respectively. The adult M expansa occupies the small intestine and sheds 
eggs into the sheep faeces which are eaten by, and develop to infectivity within, 
oribatid mites on the herbage (Soulsby 1986). According to Blood and Radostits 
(1990) heavy infestations in lambs on an inadequate diet can cause morbidity. The 
occurrence of Cysticercus tenuicollis (the cystercercal stage of Taenia hydatigena) in 
the sheep on Hirta, in the absence of the definitive canine host, has been theorised by 
Torgerson, Gulland et al. (1992) to be the result of mechanical transportation and 
dissemination of taeniid eggs by long distance travelling birds. There is no evidence 
to suggest the occasional presence of these cysts cause disease in the Soay sheep 
population. 
Capillaria longipes (Fig. A1.6) and Trichuris ovis (Fig. A1.11) are also not 
considered to be particularly pathogenic. Transmission of these closely related 
species depends upon ingestion of eggs in which the infective larvae develop. C. 
longipes infects the small intestine and T ovis the caecum (Soulsby 1986). 
1.3.2 Protozoan parasites 
The greatest gap in our knowledge of the St. Kilda Soay sheep parasites prior to this 
thesis was among the protozoa. Although annual surveys record mixed Eimeria 
infection (Pilkington, unpublished), this research is the first thorough investigation of 
protozoan diversity and epidemiology. Eleven species of Eimeria, Cryptosporidium 
parvum and Giardia duodenalis were identified (Table 1.2). As with helminth 
infection, protozoan parasites are ubiquitous in wild mammal populations and are 
usually patent without any signs of clinical disease. If, however, environmental 
conditions cause stress such as high host density and malnutrition, disease can 
become apparent. In the following sections the life-cycles, pathogenicity and immune 
response to the protozoan parasite species are discussed. 
Table 1.2 Protozoan parasite species identified for the first time in this study in St. 
Kilds Sav sheen. 
Species Predilection site 
Cryptosporidium parvum Small intestine 
Giardia duodenalis Small intestine 
Eimeria ahsata Small intestine 
Eimeria bakuensis Small intestine 
Eimeria crandallis Small intestine/large intestine 
Eimeriafaurei Small intestine/large intestine 
Eimeria granulosa unknown 
Eimeria intricata Small intestine/large intestine 
Eimeria marsica unknown 
Eimeria ovinoidalis Small intestine/large intestine 
Eimeria pallida unknown 
Eimeria parva Small intestine/large intestine 
Eimeria weybridgensis Small intestine 
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Eimena spp. and coccidiosis 
The eleven species of Eimeria found in the St. Kilda Soay sheep represent the full set 
known to infect domesticated sheep (M.A.F.F. 1986) (Fig. A1.12a-k). Their 
differentiation has been based on years of detailed morphological examination of the 
oocyst (Christensen 1938; Levine, Smith et al. 1962; Shah 1963; Joyner, Norton et al. 
1966; Levine 1973; Catchpole, Norton et al. 1975; Batelli and Poglayen 1980; Joyner 
1982; Norton 1986; O'Callaghan, O'Donoghue et al. 1987; Hidalgo-Arguello and 
Cordero-del-Campillo 1988) followed by attempted cross host species transmission 
studies to establish host specificity (McDougald 1979; Shirley and Rollinson 1979; 
Long and Joyner 1984) and various experimental infections with individual and 
mixed species to elucidate pathogenicity and effects of co-infection in domestic sheep 
(Norton, Joyner et al. 1974; Pout and Catchpole 1974; Pout 1974a; Pout 1974b; 
Catchpole, Norton et al. 1976; Gregory and Catchpole 1987; Gregory and Catchpole 
1990). These studies have helped confirm the validity of the eleven morphologically 
identifiable species in sheep. 
When an oocyst is inadvertently ingested by a host, a process of asexual (merogony) 
and sexual (gamogony) proliferation occurs within the epithelial cells of the intestine. 
Firstly, sporozoites are released from sporocysts contained within the oocyst in a 
process of excystation triggered by biochemical cues in the host. These sporozoites 
penetrate cells in which they undergo asexual proliferation producing merozoites 
which destroy the cell on departure to infect more cells. Several rounds of merogony 
can take place before some merozoites initiate gamogony by producing 
microgametocytes (male gametes) or macrogametocytes (female gametes) which fuse 
to produce a zygote in the form of an unsporulated oocyst. This is shed in the faeces 
and develops to infectivity in the environment (sporogony) (Duszynski and Upton 
2001). 
According to Taylor (1995), infection with Eimeria spp. in itself does not constitute 
or always lead to the disease coccidiosis in sheep. Diagnosis of the disease is made 
only after consideration is given to clinical and pathological evidence in conjunction 
with oocyst counts of the known pathogenic species. Symptoms of coccidiosis can 
include diarrhoea, fever, inappetance, abdominal pain and anaemia (Blood and 
Radostits 1990; Taylor 1995). In domestic sheep, the pathogenic species are regarded 
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as being E. ovinoidalis, E. bakuensis and E. crandallis (Gregory and Catchpole 1987; 
Gregory and Catchpole 1990; Taylor 1995), the developmental stages of which are 
associated with giant meronts and polyps on the intestinal mucosa. According to 
Taylor (1995) these pathological changes are accompanied by leucocyte and 
macrophage infiltration, crypt hyperplasia and epithelial loss. For most wild mammal 
species living under natural circumstances, low levels of challenge throughout life 
may beneficially bolster the immune system. There is, however, a possibility of 
disease in situations where population density is high, causing high levels of oocysts 
to accumulate in the restricted environment, hence the occurrence of disease in 
intensively reared (Trees 1987) or captive animals (Duszynski and Upton 2001). 
C,yptosporidium parvum and crptosporidiosis 
Cryptosporidium parvum is also an intracellular protozoan parasite of the intestine, 
however, unlike Eimeria spp., C. parvum is largely indiscriminate in its infection of 
mammalian hosts (Levine 1984; O'Donoghue, Tham et al. 1987) and presents few 
characteristics for morphological description due to its small size (Fig. A1.12m). 
Molecular studies have shown that there are two genotypes (Morgan, Sargent et al. 
1998; Homan, Van Gorkom et al. 1999). Despite the zoonotic potential of C. parvum, 
it is clear that genotype 1 ('human' derived genotype) only seems to infect humans 
while genotype 2 ('calf derived genotype) infects livestock and humans (Morgan, 
Sargent et al. 1998; Homan, Van Gorkom et al. 1999). This research has led to the 
suggestion by Morgan, Xiao et al. (1999) that the 'human' and 'calf genotypes may 
in fact be distinct species. 
The life-cycle of C. parvum is very similar to that of the Eimeria species with three 
important differences which give it greater proliferation potential in the host. Oocysts 
shed onto pasture are already sporulated and therefore instantly infective. When 
ingested the oocysts excyst in response to less specific biochemical cues than Eimeria 
species, enabling them to establish infection in various organs outwith the 
gastrointestinal tract (Fayer and Leek 1984; Heine, Moon et al. 1984; De Graaf, 
Vanopdenbosch et al. 1999). In the intestines there are two phases of auto-infection. 
The first occurs at merogony where merozoites invade new cells. The second occurs 
at the formation of the sporulated oocysts. One fifth of all oocysts are retained to 
recycle within the host. 
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It is clear, therefore, that C. parvum is not so highly adapted to evade the immune 
system as Eimeria spp. The effectiveness of its strategy lies in its ability to mass 
produce in a short space of time and this makes it highly immunogenic (Duszynski 
and Upton 2001). Therefore, in a healthy animal infection is rapidly curtailed but in 
an animal that is immuno-suppressed a chronic and life-threatening disease called 
cryptosporidiosis can occur, the symptoms of which are very similar to coccidiosis, 
including diarrhoea, abdominal pain and unthrifliness (Taylor 2000). According to 
Tzipori and Ward (2002) the extent and intensity of infection along the intestines in 
humans determines whether the infection is sub-clinical or clinical. Pathological 
changes include loss of surface epithelium and deformation of the villi. 
Giardia duodenalis and giardiasis 
Giardia duodenalis is the only extracellular protozoan species in the intestines of the 
Soay sheep (Fig. A1.121). Like C. parvum, morphological uniformity of the species 
masks genetic diversity and two major genetic assemblages have been identified 
(Thompson, Hopkins et al. 2000). G. duodenalis has a simple and direct life-cycle. 
On ingestion, cysts cleave in the duodenum and release two trophozoites which are 
capable of reproducing asexually and colonising the epithelium of the small intestine. 
From there they intermittently slough off and form into cysts in the ileum and large 
intestine before being shed in the faeces (Olson and Buret 2001). The cysts can 
remain in the environment for several months under cool and moist conditions. In 
lambs, giardiasis can cause malabsorption and chronic mucoid diarrhoea (Blood and 
Radostits 1990) but infection with the parasite is usually asymptomatic (Taylor 2000). 
1.3.3 Arthropod parasites 
In contrast to the diversity of endoparasite species, the St. Kilda Soay sheep only 
harbour two species of ectoparasite; the ked Melophagus ovinus (Fig. Al. 13a) and the 
body louse Damalinia ovis (Fig. A1.13b). Infection of both species tends to be most 
intense during the winter months (Bates 2000) decreasing significantly in the summer 
(Blood and Radostits 1990). M ovinus is a haematophagus wingless dipteran which 
according to Bates (2000) is capable of causing anaemia in the host if present in large 
numbers. There is also evidence that ked infestation affects host weight gains and 
wool growth. Nelson and Slen (1968) found that ked free lambs gained significantly 
more weight than infested animals fed on the same diet and that ked free ewes 
13 
produced 11% more wool than ked infected ewes. The entire life-cycle of the ked is 
spent on the host and adult females can lay 10-15 larvae on the host in their five 
month life-span (Blood and Radostits 1990). D. ovis does not take blood meals but 
can cause severe irritation due to its habit of grazing on the skin surface. Like the ked, 
the entire life-cycle is confined to the host and transmission is through direct host to 
host contact. 
1.3.4 The parasite community and co-infection 
The diverse array of parasites infesting the Soay sheep can be regarded as a 
community on several levels, whose members have the potential to interact and whose 
co-existence exerts complex demands on the host immune system. Bush, Lafferty et 
al. (1997) provide definitions essential in our descriptive and mechanistic studies of 
parasite communities (Bush, Fernandez et al. 2001). The component parasite 
community is made up of all infrapopulations of all the parasite species in all 
individuals of a host population. Similarly, within the individual host, an 
infracommunity is made up of all the infrapopulations of all the parasite species. 
Another useful term, which cuts across taxonomic identity of species, is a guild of 
parasites. This can refer to a group of parasite species exploiting the same habitat in 
the host (Bush, Lafferty et al. 1997). 
Interactions between parasite species could manifest in negative or positive 
associations between them. The mechanism behind a negative association could be 
exploitative or interference competition. That is, two species of the same guild may 
compete with each other either indirectly, for resources, or directly by interference 
(Dobson 1985; Roberts and Dobson 1995; Bush, Fernandez et al. 2001). A positive 
association between species may be due to facilitation of one species by another 
(Bush, Fernandez et al. 2001) or more fundamentally, to variation in host condition 
(Anderson 1998). Mediating these interactions is the host immune response which, 
according to theory, should evolve an optimal response towards co-infection with 
diverse parasites (Graham 2001). 
One particular aspect of co-infection reviewed extensively by Graham (2002) and 
which has particular relevance to this research is the challenge to the host immune 
system to mount an optimal response towards concomitant infection of both 
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extracellular and intracellular parasite species. These groups of parasites elicit a 
broadly dichotomous immune response regulated by the activity of cytokines. It is 
generally observed that helminth parasites elicit a Th2 response, predominantly 
activated by the cytokine IL-4, which simultaneously inhibits Thi responses, in 
conjunction with IL-3 and IL-5. In collaboration, these cytokines enhance the 
production of antibodies such as IgA and IgE which attempt to attack the surface of 
the helminth and to which eosinopbils and mast cells adhere, releasing toxic 
chemicals on degranulation. Intracellular protozoa are targeted by a Thi response, 
activated by the cytokine interferon gamma, which in turn inhibits Th2 responses, and 
stimulates the production of macrophages and neutrophils (Lydyard, Whelan et al. 
2000). 
As a consequence of the Thi and Th2 dichotomy it is possible that in the Soay sheep 
on St. Kilda there exists an immunological trade-off between resistance to helminth 
parasites and susceptibility to protozoan parasites. 
1.4 Host and environmental factors influencing infection 
The general immune response to invasion by intracellular and extracellular parasites 
is known to be modulated by variation in host condition. The age, sex and nutritional 
status of the host can influence how well immune mechanisms operate against 
pathogens. 
1.4.1 Host age and sex 
The influence of host age and sex on the prevalence and intensity of parasitic 
infection has been well documented and reviewed (Watson, Colditz et al. 1994; 
Colditz, Watson et al. 1996; Zuk and McKean 1996; Schalk and Forbes 1997; 
Urquhart, Armour et al. 1999). It is generally observed that across many host species 
from the laboratory to the wild, juveniles and males tend to be more susceptible to 
infestation than adults and females. In the Soay sheep on St. Kilda a decrease in 
helminth worm burden and FEC with host age and an increased susceptibility of 
males to parasite infection have been well documented (Wilson, Grenfell et al. 2004). 
Two main hypotheses are given for the apparent resistance to parasite infection with 
increasing host age, either i) immunological hyporesponsiveness in the immature host 
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(Watson, Colditz et al. 1994; Colditz, Watson et al. 1996) or ii) acquired immunity in 
the mature host (Urquhart, Armour et al. 1999). The proximate cause of deficient 
immunological responses to some ovine parasite species in juvenile sheep has yet to 
be elucidated (Urquhart, Armour et al. 1999). However, research by Watson, Colditz 
et al. (1994) and Colditz, Watson et al. (1996) have shown that lambs have 
significantly lower proportions of CD4 and CD8 lymphocytes, that their blood 
lymphocytes produce less interferon gamma and that they have a generally lower 
antibody response to infection than adult sheep. Compounding the effects of age-
related resistance to infection are many well elucidated instances of acquired 
immunity (Soulsby 1986; Kassai 1999). 
Acquired immunity is the immune response elicited on recognition of a parasite 
species to which the host has had previous or continual exposure and, therefore, by a 
natural process, resistance to the species becomes associated with increasing host age. 
According to Urquhart, Armour et al. (1999) acquired immunity acts on 
gastrointestinal helminth infection in three ways. After a primary infection the 
immune response may be able to expel adult helminths or cause morphological and 
physiological changes affecting worm fecundity. This consequently leads to fewer 
eggs on the pasture and, of the infective larvae ingested, the immune response can 
actively prevent or limit establishment including causing arrested development. In 
protozoan infections such as with Eimeria species, acquired resistance occurs due to 
both humoral and cell-mediated activity against both extracellular and intracellular 
stages, resulting in decreased oocyst output (Urquhart, Armour et al. 1999). 
With increasing age, sex biases in parasitism tend to become more pronounced. 
Schalk and Forbes (1997) suggest this may be due to the development of both 
physiological and behavioural differences that occur with host age. The tendency for 
parasite infection to be male-biased in mammal populations has been consistently 
shown (Poulin 1996; Zuk and McKean 1996; Schalk and Forbes 1997; Moore and 
Wilson 2002). The proximate causes are difficult to prove. Much of the theory has 
focussed on the influence of stress, hormones and behavioural differences between the 
sexes. The immune responses in stressed animals are invariably suppressed making 
them more susceptible to infection (Stein and Schleifer 1985) and it is suggested that 
males experience more stress in their lifetimes through competition for mates and 
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territory than females (Zuk and McKean 1996). Hormonal differences compound this 
effect as testosterone, produced by males, tends to be immunosuppressive whereas 
oestrogens, produced by females, can have a stimulatory effect on the immune system 
(Schalk and Forbes 1997). 
This situation becomes temporarily altered during pregnancy in mammals. For 
instance, susceptibility to infection to helminths (Brabin and Brabin 1992) and 
malaria (Menendez 1995; Smith 1996) in humans has been shown to increase during 
pregnancy. The phenomenon of the peri-parturient rise in FEC in domestic sheep 
(Urquhart, Armour et al. 1999) is well documented in the St. Kilda Soay sheep 
(Wilson, Grenfell et al. 2004). Interestingly, it has been shown that the spring FECs 
following a winter of high host density and mortality are high in both males and 
females. Since this pattern is not observed in low density years, it seems likely that 
the spring FEC rise is modulated by both host condition as well as hormonal 
differences between the sexes (Gulland and Fox 1992; Wilson, Grenfell et al. 2004). 
1.4.2 Host nutritional status and density 
On St. Kilda, in high density years, malnourished animals are probably exposed to 
increased densities of infectious parasite stages in the environment. Malnutrition can 
render a host more susceptible to parasitic infection which in turn exacerbates the 
host's condition. The interaction between gastrointestinal nematode infection and 
host nutritional status in ruminants has been extensively reviewed by Coop and 
Holmes (1996). Host nutrition can be impaired by the deleterious effects of 
parasitism on metabolic function (Solomons 1993). In addition malnourishment can 
predispose the host to infection due to suppressed immune responses (Coop and 
Holmes 1996). Therefore, the effects of host population density, malnutrition and 
infection rates are inextricably linked. 
1.5 Conclusion 
It is clear that helminth parasites are capable of driving selection in the Soay sheep of 
St. Kilda but it is not clear why advantageous alleles are not then driven to fixation in 
the population. One explanation might be that there is no optimum genotype for 
resistance to all helminths. Another explanation is that other parasites, such as 
protozoa with intra-cellular life history stages, represent an opposing force preventing 
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optimisation to helminth resistance which could explain the maintenance of genetic 
variation in the host population. Identifying all the parasite species in the population 
and testing for associations between them and with host variables such as age, sex and 
nutritional status may identify those species most likely to be pathogenic under 
circumstances of high population density and hence most likely to exert selective 
pressure on individuals. Elucidating parasite diversity in the Soay sheep of St. Kilda 
would also allow various predictions concerning the maintenance of host genetic 
diversity by parasite diversity to be tested. 
	
1.6 	Thesis outline 
This thesis presents the first comprehensive inventory of St. Kilda Soay sheep 
parasites species identified, quantified and qualified using classical parasitological 
techniques outlined in Chapter 2. Helminth parasite prevalence, intensity and 
diversity in Soay sheep that died in the population crashes of 1999 and 2002 are 
investigated in Chapter 3. This is the first time since 1989 that quantitative data has 
been obtained, allowing the first comparison of helminth intensities between crashes 
to be made. In Chapter 4, the first epidemiological survey of protozoa infection in the 
living sheep in the Augusts of 2001-2003 is presented. The three sampling years 
represent periods of high, low and intermediate host population density. Chapter 5 
brings together the protozoa data presented in Chapter 4 with corresponding FEC and 
ectoparasite infection data for the same hosts to address associations between levels of 
parasitism and measures of host fitness. In Chapter 6 the main findings of this 
research and their implications are discussed and suggestions for further research to 
test the various predictions about parasite diversity and the maintenance of host 
genetic diversity are outlined. 
1.7 	Overall objectives 
Detailed objectives precede the results section in each chapter. The following 
objectives are the more general aims of the thesis. 
1) To present a full inventory of the helminth, protozoan and arthropod parasites of 
the St. Kilda Soay sheep. 
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To investigate the epidemiology of different parasite taxa including prevalence, 
intensity and diversity in living hosts in years of varying host population density and 
in a population crash. 
To investigate associations between parasite taxa. 
To investigate associations between parasite taxa and host variables including 
measures of fitness. 




Materials and Methods 
2.1 	Introduction to the study system 
Having introduced the study area and population, the aim of this chapter is to describe 
all aspects of the methodology used to generate the parasitological data analysed in 
this project. 
2.1.1 Hirta, St. Kilda 
St. Kilda (570 49 'N, 08 ° 34' W) (Fig.2.1) is comprised of the four islands of Hirta, 
Soay, Boreray and Dun. Its position in the Atlantic gives it a temperate climate, 
subject to spells of heavy rainfall and strong winds (Buchanan 1995). 
Hirta (638 ha) is the largest island of the archipelago and the domain of the Soay 
sheep (Ovis aries L.) study population. The most accessible of the islands, it has had 
a dynamic history of human occupation. Over 1000 stone cleits (storage chambers), 
built by generations of St. Kildans, scatter the landscape and, for the sheep, have 
become integral places of shelter in the winter months. The most sheltered part of the 
island and focus of the study area is Village Bay (Fig. 2.2). 
2.1.2 Soay sheep of Hirta 
Introduction 
Soay sheep were first brought to St. Kilda perhaps as early as the Bronze Age (Jewell 
1995). In this isolated location, further domestication of the breed came to a 
standstill. The Hirta population is an offshoot of the original stronghold found on the 
neighbouring island of Soay. In 1932, after all humans and domestic stock were 
evacuated, the island was repopulated with 107 transferred Soays (Clutton-Brock, 
Wilson et al. 1997). Since that time the population has been unmanaged (as on Soay), 
and has experienced intermittent periods of high mortality as, inevitably, animal 
numbers rise to unsustainable levels. A definitive review of the Hirta Soay sheep 
population is given by Clutton-Brock and Pemberton (2004b). 
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Fig. 2.1 Hirta, St. Kilda (© Dynam Graphics) 
Fig. 2.2 Village Bay, Ilirta ( Michael Mac(iregor Photography). 
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2.1.3 Population monitoring 
The study population has been monitored closely since 1985 (Jewell 1995). 
Individuals and their offspring, occupying the Village Bay area, are tagged, observed 
and sampled throughout the year. A detailed account is given by Clutton-Brock and 
Pemberton (2004a) 
2.1.4 Sample collection schedule 
There are two main opportunities to collect samples for parasitological analysis. 
Ante-mortem sampling happens every August, when two weeks are spent solely 
catching sheep from within the Village Bay area. Post-mortem sampling of large 
numbers of sheep can only be done in the event of a population crash. 
Annual August catch 
Every August, as many sheep as possible are caught within the Village Bay area, 
measured and have blood and faecal samples taken. Counts of the ked (Melophagus 
ovinus) on the underbelly of sheep are also performed. Any untagged individuals are 
tagged, and any worn tags are replaced. An island census and pasture larval counts 
are also done at this time. Sheep from which no faeces could be obtained, at capture, 
were sampled within days by observing defecation from -20m in the field and 
collecting the sample immediately after. 
Population crash 
During a population crash, more extensive sampling of individual animals is possible. 
Animals found dead after daily searches of Village Bay are processed to obtain a 
range of data. Sampling for gastrointestinal helminths is a core activity. 
Parasitological techniques 
Introduction 
Classical parasitological techniques were used to estimate prevalence and/or intensity 
of infection with helminths, protozoa and arthropods in the Soay sheep. The main 
sampling and monitoring periods for this project were in the Augusts of 2001-2003 
(annual catch) and February/March 1999 and 2002 (population crashes). 
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2.2 Necropsy sampling 
I fl+rr.tl. .,.+inn 
In the population crash of 2002 a sub-set of dead sheep from each sex and 
representative age classes were necropsied for parasitological samples. In addition 
the abomasum was collected from all freshly dead sheep. Samples were collected for 
both classical parasitology and for potential molecular analysis of parasites. 
2.2.1 Gastrointestinal tract 
Dissection 
Anatomy and necropsy technique of the Soay sheep were learned under the guidance 
of and with the assistance of Mrs. Jill Pilkington on St. Kilda, during the 2002 






An incision was made from the pelvis to the diaphragm, exposing the intestines. 
The junction between the omasum and the abomasum was ligated using a cable tie 
and a cut was made above this to free this end of the intestine. 
The intestines were further freed, tumbled out of the carcass into a labelled plastic 
bag and cut away at the rectum. 
Processing and sampling 
Materials 
-10 L buckets 
-25m1 universal tubes 
-250 ml pots 
-500 ml beaker 
-38 pm sieve 
-300 jim sieve 






A cable tie was secured just below the sphincter (pylorus) between the abomasum 
and small intestine. Then the intestine was cut between the pylorus and the ligature 
and the abomasum lifted into a 10 L bucket. The abomasum was then cut open and 
washed thoroughly under cold water, making up the volume to 10 L. 
The abomasal mucosa was peeled from the muscular abomasal wall in strips and 
placed in a labelled grip bag to be frozen at -20 °C within a few hours. 
The bucket contents were mixed before removing a 1L (1/10th)  aliquot and a 
duplicate which were each passed through a 38 p.m sieve. The retained material was 
transferred to separate 25 ml universals in 5% formalin. 
Small Intestine 
The small intestine was severed from the large intestine and lifted into a 10 L 
bucket where it was cut along its length whilst being washed under cold water, paying 
attention to the 10 L mark which the volume reached. 
A 1110th  aliquot was removed and treated as above for the abomasum aliquot (see 
above). Additional aliquots were taken and preserved in 70% ethanol for genetic 
research. The remaining contents of the bucket were then left to settle for about 30 
min before being passed through the 38 pm sieve. The retained material was stored in 
5% formalin in one or two 250 ml pots. 
Large intestine and caecum 
The large intestine and caecum were together lifted into a bucket, over which 
they were cut open and washed by running scissors their length under cold water until 
a volume of 10 L was reached. This time, 1/10th aliquots were passed through a 
300tm sieve and stored as described before in 5% formalin and 70 % ethanol. 
Any cysts found attached to the intestinal mesentery were removed and stored in 
5% formalin solution. 
24 
2.2.2 Lungs 
The surface of the lobes of the lung were examined for nodules characteristic of 
infection with Muellerius capillaris. The branches of the trachea were then opened 
using scissors and any visible Diclyocaulus filaria nematodes removed. Replicate 
samples were stored in 5% formalin with a pinch of salt and in 70% ethanol. 
2.2.3 Skin 
Skin samples were taken from the head and belly. In addition, where a 
Melaphagus ovinus (ked) was observed, it was removed and stored with the skin 
samples in 10% formalin. 
Identification of helminth and arthropod parasites 
Helminth and arthropod species were identified by morphology, using published keys, 
descriptions and images of sheep parasites (Dunn 1978; M.A.F.F. 1986; Urquhart, 
Armour et al. 1999). Photomicrographs are given in Appendix 1: Taxonomy. 
Nine of the helminth species, identified by morphological examination, were 
confirmed by Dr. Barbara Wimmer through sequencing the species-specific ITS-2 
DNA region (Wimmer, Craig et al. 2004). An ethanol preserved specimen of 
Strongyloides papillosus was not available for molecular analysis and amplification of 
Muellerius capillaris was unsuccessful due to the difficulties of extracting it from the 
nodules in the lung tissue. 
2.3 	Estimating gastrointestinal helminth burden. 
Introduction 
The following protocol for estimating helminth parasite burden in the gastrointestinal 
tract of sheep is that used by (G.U.V.H. 2001a). The premise is to base the estimate 
on a total count of 1% (or 2%) of the burden in each part of the tract. This departs 




-Wide mouth 1 Omi pipette 




10% Lugol's iodine solution 
5g of sodium thiosuiphate was added to 100 ml distilled water to make a 5% sodium 
thiosuiphate solution. 
2.3.1 Abomasum and small intestine. 
After thorough mixing of the 10% sample, an aliquot representing 1% (or 2%) of 
the total content was removed and washed through a 38 p.m sieve with copious 
amount of water. 
The aliquot was then re-suspended in a 100-200 ml of water and divided between 
10-20 petri-dishes and to each dish 2m1 of 10% Lugol's iodine solution was added. 
After a few minutes, two drops of 5% sodium thiosulphate solution was added to 
each dish and mixed to de-colourise the background debris. 
Visible worms were picked out, using a wooden cocktail stick, and placed on a 
glass slide with a drop of water, examined and identified using 1 Ox magnification or, 
where necessary, at 40x under a glass coverslip. When all apparent worms were 
cleared from the dish the contents were passed back through the sieve and collected in 
a small volume of water. This was then screened on glass slides, under the 1 Ox lens 
for any small adult or L4 larvae that had been missed. 
All worms, except Moniezia expansa, were identified to developmental stage and 
adults to sex and species level. Tallies were multiplied by 100 (or 50) to obtain an 
estimate of the total burden. 
Although Moniezia expansa was not quantified, due to the problem of stobilization, a 
qualitative examination for proglottids was made on the total small intestinal contents 
retained from each sheep. 
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Peptic digestion of abomasal mucosae 
Introduction 
Abomasal mucosae were subjected to peptic digestion for the recovery of 
encapsulated larvae. All mucosae collected in the 1999 population crash had 
previously been digested and counted by Mrs. Jill Pilkington in accordance with the 
protocol of M.A.F.F. (1986). The abomasal mucosae collected in 2002 were digested 
using the following modification of the same protocol. 
Equipment 
-Incubator (set to 37 0C) 
Materials 
-1.5 L glass jars with rubber seal lids 
-Whisk 
-Plastic 1 L mixing jugs 
-38 lim sieve 





Abomasal mucosae were thoroughly de-thawed and re-washed in luke warm water. 
Digestion fluid was prepared by adding to 900 mls of water (warmed to 37'C), 8g 
pepsin, 8.5g NaCl and 20 mls of HC1 acid, this was whisked and topped up to 1L with 
more warmed water. 
The abomasal mucosa was added to the mixture and the mixture added to a 1.51, 
glass jar (warmed to 37 °C) and placed in the incubator. 
Each jar was shaken every half hour for twelve hours, until all tissue had digested. 
The mixtures were passed through a 38 I.Lm sieve and the retained contents washed 
into 25m1 universals and fixed using 5% formalin solution with a pinch of salt. 
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An aliquot representing 2% of the total digest was removed and washed through a 
38 pm sieve. This was then re-suspended in 2.5 mis water and screened on glass 
slides, under the 1 Ox lens for larvae. 
Tallies of mixed larvae were multiplied by 50 to obtain an estimate of the 
encapsulated larvae in the abomasum wail. Totals were then added to mixed larvae 
totals from the abomasum content counts. 
2.3.2 Large intestine and caecum 
Large intestine and caecum worms were quantified as for the abomasum and small 
intestine, however, the larger worms were retained by passing the contents through a 
300p.m sieve. 
2.4 Faecal sampling 
General materials 
The following materials were used in all processing and analysis of the faecal 
samples. Additional materials, specific to each protocol, are listed subsequently. 
-Compound microscope with 1 Ox, 40x and 1 OOx magnification. 
-Digital gram balance 




2.4.1 Modified McMaster method 
Mixed counts of helminth eggs and Eimeria oocysts. 
Introduction 
According to Levine, Mehra et al. (1960) the McMaster technique is the preferred 
method for counting strongyle eggs per gram of faeces in sheep faeces due to its 
speed and accuracy. There are numerous variations of the original Whitlock and 
Gordon (1939) protocol. The following variants were adapted from those outlined by 
M.A.F.F. (1971 and 1986) The first has been traditionally used on St. Kilda and the 
majority of these counts were performed by Mrs. Jill Pillcington. The second is a 
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comparable version that uses a centrifugal step. Parasitic ova were identified using 
images given by Thienpont, Rochette et al. (1986) and Zajac (1994). 
Method used on St Kilda 
Additional materials 
-McMaster slides 
-Small bowl (just big enough to hold 90m1 of fluid and a suspended tea-strainer) 
-Saturated salt solution. 
The date, tag number, date collected and condition of the faecal sample was 
recorded. Faecal sample condition was graded by number ranging from 1 (perfectly 
formed pellets) to 5 (scour). 
For each faecal sample, 3g wet weight was placed in a tea-strainer and this was 
homogenised using a pestle, whilst being suspended in a bowl containing 87 ml of 
saturated salt solution. 
The faecal material was then compressed against the strainer, to drain the residual 
fluid, and the contents of the bowl kept. Mixing was performed using a pipette in a 
figure of eight motion a few times before filling, whilst raising it, gradually from the 
bottom of the bowl to the top. It was then maintained in the horizontal position while 
filling the chamber of the McMaster slide. The volume of fluid beneath the grid of 
the chamber is 0.15 ml. 
Step 3 was repeated to fill the second chamber. 
The slide was then left for a few seconds before reading, using 1 Ox magnification 
on a compound microscope. 
The number of strongyle, Capillaria longipes, Trichuris ovis eggs, Nematodirus 
spp. and Eimeria spp. oocysts, under the grid of both chambers, was counted and 
multiplied by 100 to obtain the number of eggs/oocysts per gram of faeces. The 
presence or absence of Moniezia expansa eggs was also noted. 
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Method used in Edinburgh 
Additional materials 
-Centrifuge with swing out buckets 
-1 5m1 centrifuge tubes 
For each faecal sample, 3g wet weight was homogenised in 42m1 of distilled water 
using a mortar and pestle. 
The homogenate was then passed through a tea-strainer and the filtrate used to fill 
to capacity a 15 ml centrifuge tube. 
The tube was centrifuged for ten minutes at point 6 of a 10 point centrifuge (at an 
estimated 3000 rpm) and the supernatant discarded. 
The pellet was vortexed and just under 1 5m1 of saturated salt solution added to the 
tube, which was then inverted three times. 
A plastic pipette was used to fill the McMaster chambers as described before. 
The slide was then left for a few seconds before reading, using 1 Ox magnification 
on a compound microscope. 
The number of Eimeria spp. oocysts, under the grid of both chambers, were 
counted and multiplied by 50 to obtain the number of oocysts per gram of faeces. 
Data obtained from McMaster counts 
In McMaster count terminology, indistinguishable genera of nematode eggs are 
simply termed "strongyle type of egg". In the context of the St. Kilda Soay sheep egg 
counts, strongyle type of egg encompasses a mixture of the following species: 
Teladorsagia spp., Trichostrongylus vitrinus, Bunostomum trigonocephalum, 
Chabertia ovina. The smaller, larvated egg of Strongyloides papillosus is also 
included in the strongyle grouping for convenience. The more distinctive eggs of 
Capillaria longipes, Trichuris ovis and Nematodirus spp. are quantified and in the 
case of Moniezia expansa qualified separately (Fig. Al. 1). 
Under lOx magnification of the McMaster slide, the small size of the Eimeria oocysts 
prevents any possibility of identifying them to species level unambiguously. 
Therefore, the counts of Eimeria spp. obtained from McMaster counts are pooled and 
recorded as coccidia. 
CII] 
2.4.2 Protozoa 
Identifying the protozoan species 
Identification of the Eimeria species was accomplished by firstly following the 
guidelines set out by Duszynski and Wilber (1997) for describing the sporulated 
oocyst. Having obtained a description and photomicrograph for each oocyst type, 
published keys and descriptions (Levine 1973; M.A.F.F. 1986; Soulsby 1986) were 
used to identify the Eimeria to species level. Images of the identified species were 
then sent to Professor Mike Taylor and Dr. Janet Catchpole for appraisal and 
confirmation. 
Cryptosporidium parvum and Giardia duodenalis were also originally identified on 
the basis of morphology and staining using Taylor (2000) and Samuel, Pybus et al. 
(2001). Taxonomic species descriptions are outlined in Appendix 1: Taxonomy. 
To confirm the morphological diagnosis of C. parvum and G. duodenalis, a set of 
faecal samples from August 2003 were also tested using a commercial rapid 
immunoassay kit called ImmunoCard STAT® according to the manufacturer's 
instructions. Subsequently, positive samples were sent to Professor Huw Smith of 
The Scottish Parasite Diagnostic Laboratory for genotyping. 
Preparation of faecal samples. 
In order to identify parasitic protozoa to species level it is necessary to view them 
under oil at 100x magnification. Before this can be done, the sample must be 
processed and then tested in a specific way depending on the genus of protozoa 
sought. Each faecal sample was processed into two or more colour-coded tubes, 
standardised to contain 1 g wet weight. This enabled different tests to be applied to 
the same sample. 
Additional materials 
-Centrifuge with swing out buckets 
-15 ml centrifuge tubes with rubber stoppers 
-50 ml or 100 ml beakers 
-Coloured dot stickers 
-Distilled water 
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For each faecal sample, 3g (or 6g) was homogenised in 42m1 (or 84m1) of distilled 
water using a mortar and pestle. 
The homogenate was then passed through a tea-strainer and the filtrate used to fill 
to capacity 2 (or 5) pre-labelled and colour-coded 15 ml centrifuge tubes. 
The tubes were centrifuged for 10 minutes at point 6 of a 10 point centrifuge (at an 
estimated 3000 rpm). The supernatant was discarded and the pellet vortexed. 
Sporulation of the Eimena spp. 
In order to identify the Eimeria to species level, one set of tubes was incubated in 
2.5% potassium dichromate solution to sporulate the oocysts, as recommended by 
Duszynski and Wilber (1997). 
Additional materials 
-Potassium dichromate 
-lOml measuring cylinder 
Solution 
25g of potassium dichromate was added to 1L of distilled water to make a 2.5% 
potassium dichromate solution. 
5m1 of 2.5% potassium dichromate solution was added to the designated tubes 
which were then inverted three times, before being stacked on their side and incubated 
at room temperature in a box on the laboratory bench. 
After two weeks the tubes were inverted three times and stored vertically in the 
fridge at 4°C until they could be analysed. 
Coverslip flotation 
The following flotation method was designed using the recommendations of M.A.F.F. 
(1986), Hahn (1994) and Hendrix (1997). It was used for detailed examination of 





-76 x 26 mm frosted edged glass slides 
-22 x 22 mm coverslips 
-Immersion oil type B 
-Clear sticky tape 
Solution 
330g of zinc-sulphate was added to 1L distilled water to make a 33% zinc-sulphate 
solution. A hydrometer was placed in the solution and more zinc-sulphate added until 
the specific gravity reached 1.25. 
The tubes containing the faecal sample aliquot in potassium dichromate were 
centrifuged for 10 min at point 6 of a 10 point centrifuge (at an estimated 3000 rpm) 
and the supernatant disposed of into a waste jar. 
The pellet was vortexed and just under 15 ml of zinc-sulphate solution was added 
to the tube, which was then inverted three times to mix and the mixture split between 
two 15m! centrifuge tubes. Each tube was then topped up with more zinc-sulphate and 
placed opposite each other in a centrifuge with swing out rotors. Final top up of the 
tubes, in situ, produced a positive meniscus onto which a 22 x 22 mm covers!ip was 
placed. 
The tubes were centrifuged for 2 min at point 2 of the 10 point centrifuge (at an 
estimated 800 rpm). 
Each coverslip was then lifted vertically from the tube and placed on a glass slide, 
to which it was secured carefully along the edges using strips of clear tape. 
Both slides were examined systematically at lOOx magnification using immersion 
oil type B, until a maximum of 100 oocysts were identified. Where the sample was 
positive for G. duodenalis, a count of cysts in ten random fields was made. 
Cryptosporidium spp. 
Introduction 
Another set of tubes was tested for Cryptosporidium species. The Ziehi-Neelsen 
technique is ideal for screening large numbers of faecal samples for the presence of 
33 
this protozoan. The following is a modified version of that used by the Department of 
Parasitology at Glasgow University Veterinary School (G.U.V.H.). 
Modified Ziehl-Neelsen technique 
Additional materials 
-76 x 26 mm frosted edged glass slides 
-15 ml centrifuge tubes 
-4 Coplin staining jars 
-Pasteur pipettes 
Chemicals 
-Carbol-fuchsin Ziehl-Neelsen (strong) Gurr 
-Methylene blue Loefflers solution 
-ITC1 acid 
-Methylated spirits 
-Immersion oil type B 
Solutions 
50m1 of carbol-fuchsin solution was added to 500 ml of distilled water to give a 1:10 
solution. 
3 ml of HC1 acid was added to 100 ml methylated spirits to give a 3% acid-alcohol 
solution. 
A drop of distilled water was added to the tube before it was vortexed. 
Using a pasteur pipette, a small amount of the faecal pellet fluid was taken up and 
deposited at the frosted end of a labelled glass slide before being mixed with a further 
drop of distilled water. 
The faecal fluid was then smeared across the entirety of the slide and tilted to drain 
before being left to thoroughly air dry. 
The slide was then flooded with methylated spirits for 5 mm, then tipped on its 
side to drain before being left to air dry horizontally. 
Slides were then stained in a 1:10 dilution of carbol-fuchsin solution for 10 min in 
a Coplin staining jar. 
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Slides were then de-colourised using at least two changes of 3% acid-alcohol 
solution. 
Final staining was in methylene blue Loefflers solution for at least 2 mm. 
The slides were then rinsed under cold tap water and left to dry before being 
examined systematically, under 100x magnification using immersion oil type B, for 
the presence or absence of Cryptosporidium oocysts, which stain red/pink against the 
blue background of faecal debris. A count of oocysts observed on each slide was 
made. 
2.5 Data entry and statistical analyses 
Core project data including information about individual hosts and August McMaster 
counts were entered into an Access database by Mrs. Jill Pilkington. Additional data 
generated for this project using the above methods were entered onto Excel 
spreadsheets and subsequently united with core project data for each host. All 
statistical analyses were done using S-PLUS 6.0 package and are described in detail in 




Prevalence, Intensity and Diversity in Population Crash-dead Sheep 
3.1 	Introduction 
Post-mortem parasite burden estimation of the Hirta Soay sheep is only possible in the 
event of a population crash. Previous parasitological investigations by Cheyne, Foster 
et al. (1974), Outland (1992) and Pilkington (un-published data) established an 
inventory of metazoan parasite species which are listed by Wilson, Grenfell et at. 
(2004). Since intensified parasitological research was initiated by Gulland (1991) in 
1989, only four major mortality events have occurred in the population. For three of 
these, only abomasum samples were taken, in accordance with the finding that this 
organ was the preferred site of the predominant helminth species (Gulland 1992). In 
2002, however, full parasitological sampling of the skin, lungs and gastrointestinal 
tract was once again performed on a subset of sheep. 
This chapter presents the results of this first thorough investigation into metazoan 
parasite species prevalence and abundance, in population crash-dead sheep since 
1989, incorporating new aspects of parasite ecology previously unexplored in the 
population. The objectives of this chapter are: 
To investigate helminth and arthropod species prevalence and/or intensity and 
diversity in sheep that died in the population crash of 2002. Subsequently, to consider 
the potential for helminth burden estimates to differ from previous crashes either as a 
consequence of temporal changes in epidemiology of infection or simply improved 
estimation technique. 
To investigate associations between host age and sex and helminth and arthropod 
species prevalence and/or intensity, last examined in 1989 (Gulland 1991). To 
explore new aspects of the ecology of the parasite fauna including measuring diversity 
and testing for associations between different species. 
To investigate the effect of anthelmintic bolus treatment on helminth species 
abundance and diversity in a subset of two year old male sheep. To relate this in 
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context with previous anthelmintic bolus experiments which used mixed helminth 
burden and FEC to monitor efficacy (Gulland 1992) 
3.2 Data and analysis 
Sample sets 
Necropsy samples were taken, as detailed in Chapter 2, from all freshly dead sheep 
found in the 1999 and 2002 population crashes. This represented in the region of 345 
and 298 tagged individuals for each crash respectively. Of these, a representative 
random subset of abomasum samples from 1999 (Table 3.1) and skin, lung and entire 
gastrointestinal tract samples from 2002 (Table 3.2) were examined. At the time of 
sampling in the winter/spring months, lambs (also referred to as juveniles), yearlings, 
two year olds and adults were around 10, 22, 34 and> 34 months old respectively. Of 
all females sampled in 2002 only three lambs were not pregnant. 
Table 3.1 Sample sizes of examined hosts that died in the population crash of 1999. 
Only abomasum samples were available for examination. 
Sex Lambs Yearlings Two year 
olds 
Adults 
Male 12 5 6 6 
Female 12 6 2 6 
Table 3.2 Sample sizes of examined hosts that died in the population crash of 2002. 
Full parasitological necropsy sampling of these individuals took place except that no 
lung or skin samples were taken from the two year old sheep. Six male and five 
female sheep in this group had been given an innocuous alkane bolus in August 2001 
which should not have affected the parasitology. 
Sex 
I 
Lambs Yearlings Two year 
olds 
Adults 
[ale 12 7 11 6 
Female 12 6 8 7 
Statistical methods 
The following section explains and describes the statistical analyses used to address 
the objectives outlined in section 3.1. 
Prevalence 
Associations between host age (fitted as a continuous variable in years with one 
degree of freedom) and sex (fitted as a categorical variable with two levels and one 
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degree of freedom) and prevalence of each helminth species were tested using a 
generalised linear model (GLM) with binomial error structure. In illustrative figures, 
age is shown as three or four categories. 
Intensity 
Only the gastrointestinal nematode species were quantified. The frequency 
distributions for all the gastrointestinal nematode species (Fig. 3.9) illustrate the 
highly aggregated nature of the nematode species burdens. The negative binomial 
parameter (k) was calculated for each species (Table 3.10) using the following 
formula given by Fowler and Cohen (1990). 
k x2/(s2-x) 
Where x = mean 
s2 = variance 
The results suggested that for Teladorsagia spp. and Trichostrongylus axei the data 
would be best modelled using a GLM with negative binomial error structure. This 
was confirmed by evaluating the normality of the error structure using the qqplot 
function in S-plus. 
The other small and large intestine species did not, however, fit the negative binomial 
distribution. When the count data plus one for each of these species is logged (Fig. 
3.17) it can be seen that the most common count of zero is not followed by a second 
most common count of one and so on which the negative binomial distribution 
assumes (L. Kruuk, personal communication). Instead, a linear model (LM) on the 
log transformed count data, excluding the zero counts was used. Intensity data was 
tested for associations with host age (fitted as above), sex (fitted as above) and in 
some cases year (fitted as a categorical variable with two levels and one degree of 
freedom). In illustrative figures, age is shown as three or four categories. 
Estimating confidence intervals for mean counts and proportions 
The following formulae were used to estimate confidence intervals for I) mean counts 
and ii) proportions of nematodes and are given by Fowler and Cohen (1990). 
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S.E. = si'In 
95% confidence interval = x ± (t x S.E.) 
Where s = standard deviation 
n = the number of individuals 
S.E. = \Ip(l-p)/(n-l) 
Where p = the proportion of the species 
n = the number of individuals 
Correlation tests 
Chi2  tests (or, where appropriate, Fisher's exact tests) and Spearman' s rank correlation 
tests were applied to all possible pairings of helminth species for prevalence and 
abundance respectively. The results are given in the matrix shown in Table 3.30. 
Sequential Bonferroni correction 
Due to the necessary caution required when applying multiple tests (Crawley 2003) a 
sequential Bonlerroni correction (Rice 1989) was applied. Firstly a level of 
significance (a) of p0.05 was chosen and each test statistic ranked by its p-value 
from smallest (P1) to highest (Pk) and each value tested in the following sequential 
equations: 
If P1 < a/k then proceeded with 
P2 a/(k- 1) and so on until the inequality was not met. 
Where a = 0.05 
k= number of tests 
The sequential Bonlerroni correction was applied to the suite of prevalence and 
intensity models (40 tests) for each species and to all correlation tests (165 tests). 
This yielded significance thresholds of p0.001 and p0.0004 respectively. 
Significant values, subject to sequential Bonferroni correction, are presented in the 
tables are consequently highlighted in bold. 
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Shannon-Weiner diversity index 
Species diversity indices, usually applied in ecology, seem ideally suited to measuring 
helminth diversity in the gastrointestinal tract. This is primarily because the context 
meets the required underlying assumptions, outlined by Magurran (2004c) and does 
not suffer from a main source of potential error; the failure to include all species in a 
community (Magurran 2004c). The Shannon-Weiner index is a heterogeneity 
measure that combines species richness and evenness components (Magurran 2004b) 
and was used to measure gastrointestinal nematode diversity. 
Shannon —Weiner index of diversity 
H = -Y_ (Pi in Pi) 
Where Pi = proportional abundance of the ith species. 
Ln = natural logarithm 
In order to test for an association between gastrointestinal nematode diversity and age 
and sex or with anthelmintic bolus treatment, Shannon-Weiner diversity indices 
for all gastrointestinal nematode species in each host was calculated. The qqplot 
function in S-plus was then used to evaluate the normality of the error structure before 
a LM with normal error structure and F test was applied. 
3.3 Composition of metazoan parasite fauna 
3.3.1 Skin 
Prevalence of Melopha pus ovinus and Damalinia ovis 
Two species of arthropod parasite infect the Hirta Soay sheep population (Fig. 
A1.13). Infestation with the ked, Melophagus ovinus, and body louse, Damalinia 
ovis, have generally been observed to increase during the winter months in domestic 
sheep (Bates 2000). Prevalence data for the subset of sheep from the 2002 population 
crash is illustrated in Fig. 3.1. Statistical tests of prevalence are shown in Tables 3.3 
and 3.4. Both arthropods significantly decreased in prevalence with host age 
(p<0.001). A male bias in infection was also detected (p<0.05), although the level of 
significance failed to meet the sequential Bonferroni correction threshold value. 
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Fig. 3.1 Prevalence of the ectoparasites in crash 2002 sheep decreased significantly 
with age (p<O.00I) (see Table 3.2 for sample sizes). 
Table 3.3 Results of a GLM, with binomial error structure, testing for an association 
between age and sex and M ovinus prevalence. The final model explained 46.76 % 
of the deviance. 
Term ADeviance d.L Pr 
(Chi)  
Association 
Accepted Age 16.27 1 0.000 Decreasing 
Sex 1.24 1 0.26 - 
Age:sex 8.98 1 0.002 Higher in male lambs 
Table 3.4 Results of a GLM, with binomial error structure, testing for an association 
between age and sex and D. ovis prevalence. The final model explained 59.60 % of 
th. dvince 
Term ADeviance d.f. Pr 
(Chi)  
Association 
Accepted Age 15.79 1 0.000 Decreasing 
Sex 3.94 1 0.047 Higher in males 
Rejected Age:sex 0.00 1 0.99 - 
3.3.2 Lungs 
Prevalence of Dictyocaulus fl/aria and Muellerius capillaris 
The life-cycles of Dictyocaulus fl/aria and Muellerius capillaris (Figs. Al .2 and 
Al .3), the two species of lungworm infecting the Soay sheep population, are outlined 
in Chapter 1. A comprehensive account of the epidemiology of D. fliaria in the 
population is given by Gulland (1991). Although lungworm intensity data was not 
taken for the crash 2002 sheep, prevalence results were obtained and are presented 


















nodules of Al. calfillaris in the parenchyma. There was a significant uegati\ e and 
positive association between D. jIlaria and M. capillaris infection respectively and 
host age, but no significant association with host sex, when tested using a GLM with 
binomial error structure (Figs. 3.2 and 3.3 and Tables 3.5 and 3.6). 
Fig 3.2 Prevalence of DiciyocaulusjIlaria in crash 2002 sheep decreased significantly 
with age (pO.00I) (see Table 3.2 for sample sizes and 3.5 for GLM results). 
Table 3.5 Results of a GLM, with binomial error structure, testing for an association 
between age and sex and prevalence of Diciyocaulus filaria. There was a significant 
negative association between the prevalence of the lungworm and age. The final 
model explained 27.91 % of the deviance. 
Accepted term ADeviance d.f. Pr (Chi) Association 
Age 10.54 1 0.001 Decreasing 
Rejected terms  
Sex 3.26 1 0.071 - 
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Fig 3.3 Prevalence of Muellerius capillaris nodules in lung parenchyma in crash 2002 
sheep increased significantly with age (p<O.00I) (see Table 3.2 for sample sizes and 
3.6 for GLM results). 
Table 3.6 Results of a GLM, with binomial error structure, testing for an association 
between age and sex and prevalence of Muellerius capillaris. There was a significant 
positive association between the prevalence of the lungworm and age. The final 
model exnlained 6036 % of the deviance. 
Accepted term ADeviance d.f. Pr (Chi) Association 
Age 32.08 1 0.000 Increasing 
Rejected terms  
Sex 2.13 1 0.144 - 
Age:sex 1.57 1 0.209 - 
3.3.3 Gastrointestinal tract 
Two tapeworm genera and ten species of morphologically identifiable nematodes, 
from eight genera, were found in the gastrointestinal tract of the crash 2002 Soay 
sheep. Prevalence and/or intensity for each species by host age is given in this section. 
Prevalence of Moniezia expansa and Cysticercus tenuicollis 
The life-cycles of the two tapeworm species. Moniezia expansa and Taenia 
vdatigena are outlined in Chapter 1. Although no tapeworm intensity data was 
obtained, prevalence was based on the observation of proglottids of M expansa in the 
small intestinal contents and, for T. hydatigena, on the presence of C. tenuicollis 
attached to the intestinal mesentery (Figs 3.4 and 3.5 respectively). There was a 
significant positive and almost significant negative association between C. tenuicollis 
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and M expansa infection and age respectively, when tested using a GLM, with 
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Fig. 3.4 Prevalence of Moniezia expansa in crash 2002 sheep decreased significantly 
with age (p=0.014) (see Table 3.2 for sample sizes and 3.7 for GLM results). 
Table 3.7 Results of a GLM, with binomial error structure, testing for an association 
between host age and sex and prevalence of Moniezia expansa. The final model 
explained 14.05 % of the deviance. 
Accepted term ADeviance d.f. Pr (Chi) Association 
Age 6.036 1 0.014 Decreasing 
Sex 4.040 1 0.044 Commoner in 
females 
Rejected term  
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Fig. 3.5 Prevalence of Cysticercus tenuicollis, in crash 2002 sheep increased 
significantly with age (p<O.00I) (see Table 3.2 for sample sizes and Table 3.8 for 
GLM results). 
Table 3.8 Results of a GLM, with binomial error structure, testing for an association 
between host age and sex and prevalence of C. tenuicollis. There was a significant 
positive association between the prevalence of the tapeworm cyst and age. The final 
tm-dI pyn1inpd77 74 O/,  f the. deviance 
Accepted term tDeviance d.f. Pr (Chi) Association 
Age 11.61 1 0.000 Increasing 
Rejected terms  
Sex 0.189 1 	1 1 0.663 - 
Age:sex 0.348 1 	1 1 0.554 - 
Gastrointestinal nematodes 
Prevalence 
The life-cycles of the gastrointestinal nematode species are outlined in Chapter 1. 
Prevalence of each gastrointestinal nematode species is shown in Fig. 3.6 and was 
based on identifying all worms in a 1% (or 2% for two year olds) sample of the 
relevant part of the gastrointestinal tract. The minimum number of identified worms 
was 100 (or 50 for two year olds). There appear to be four species which were most 
prevalent: Teladorsagia spp., Trichostrongylus axei, Trichostrongylus vitrinus and 
Chabertia ovina. It is probable. however, that other worms such as Bunostomum 
irigonocephalurn actually occurred at much higher prevalence but were below the 
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threshold of detection. Associations of prevalence of each species with host age and 












Fig. 3.6 The most prevalent gastrointestinal nematode species in crash 2002 sheep 
appeared to be Teladorsagia, Trichostrongylus and Chabertia ovina (see Table 3.2 for 
sample sizes). 
Intensity 
Mean intensity values for each adult nematode species from the whole gastrointestinal 
tract are shown in Table 3.9 and Fig 3.7. In general, gastrointestinal nematode burden 
is aggregated across hosts (Figs. 3.8 and 3.9 and Table 3.10) and highest in young 
sheep and male sheep (Fig. 3.10). In order to test for associations with sex and age on 
total adult worm burden, a GLM with negative binomial error structure was fitted, 
with count as the response variable and sex and age plus the interaction as explanatory 
variables. There was a significant decrease in burden with age (pO.00I). An 
interaction between age and sex was also detected (p0.045) with juvenile males 
having higher burdens (Table 3.11), however the latter association was not significant 
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Table 3.9 Mean burden (± 95% C.1.) of all adult. gastrointestinal nematode species 
from different age classes of Hirta Soay sheep that died in the population crash of 
2002 (see also Fig 3.7). Standard error estimates of the mean were calculated for 
small sample sizes according to Fowler and Cohen (1990). 
Mean burden (± 95% C.!.) of nematode species of the 
gastro intestinal tract of the sheep by age class. 
Site Nematode Lambs Yearlings Two Year Adults 
species (n=24) (n= 13) olds (n=19) (n= 13) 
Abomasum Teladorsagia 4,179±735 4,782+1442 9.863±2899 6,723±2985 
spp.  
Trichostrongylus 10,042±2171 9,709±4848 3,724±1315 1,285±793 
axei  
Small Trichostrongylus 8,917±2205 6,615±4682 4,361±1749 5,285±5841 
intestine vitrinus  
Nematodirus 175±77 46±40 355±233 100±55 
battus  
Nematodirus 1,571±778 615±427 89±127 0 
fihicollis  
Bunoslomum 17±16 31±45 79±50 138±115 
trigonocephalum  
Strongyloides 13±19 0 16±18 8±17 
papiliosus  
Capiliaria 21±21 62±53 11±17 8±17 
iongipes  
Large Trichuris ovis 42±3 5 15±23 0 8±17 
intestine  
Chabertiaovina 163±57 292±220 429±151 215±120 
GI tract All species 25,138±4035 22,168±8703 18,926±4360 13,769±7248 
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Fig. 3.8 Frequency distribution of total gastrointestinal adult nematode burden. 
Table 3.10 The mean, variance and negative binomial parameter (k) of the frequency 
distributions of the gastrointestinal nematode species shown in Fig. 3.9. 
Species Mean Variance Negative binomial parameter (k) 
Teladorsagiaspp 6337 21517974 1.87 
Taxei 6589 36308651 1.20 
T. vitrinus 6544 43395038 0.99 
N. bat/us 186 88374 0.39 
Nfihicollis 687 1721003 0.27 
B. trigonocephalum 59 12741 0.28 
S. papillosus 10 1219 0.09 
C. longipes 23 3057 0.18 
T. OVZS 19 3022 0.12 
C. ovina 270 74435 0.99 
GI total 20726 131937615 3.26 
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Fig. 3.9 Frequency distributions of individual gastrointestinal nematode species from 
crash 2002 sheep (n=69) (species order top left to bottom right corresponds to Tables 
3.9 and 3.10). 
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Fig. 3.10 Box plots of intensity of total gastrointestinal adult nematodes from 2002 
crash sheep by host a) sex and b) age indicate a significant decrease in burden with 
age (p=O.00I) (see Table 3.2 for sample sizes and 3.11 for GLM results). 
Table 3.11 Results of a GLM, with negative binomial error structure, testing for an 
association between host age and sex and total gastrointestinal nematode burden. 
There was a significant negative association between burden and host age. The final 
model explained 17.36 % of the deviance. 
Accepted ADeviance 
terms  
d. f. Pr (Chi) Association 
Age 10.738 1 0.001 Decreasing 
Sex 0.40 1 0.524 - 




Only two species of nematode are found in the abomasum of St. Kilda Soay sheep. In 
this section, associations between host age and sex and the total burden of the 
abomasum and then each species in turn will be examined. 
Teladorsa ala spp. complex 
The genus Teladorsagia is confined to the abomasum and comprises a species 
complex with three morphologically distinct, though genetically indistinct (Stevenson, 
Gasser et al. 1996; Braisher 1999; Leignel, Cabaret et al. 2002) adult types, namely 
Teladorsagia circumcincta, Teladorsagia davtiani and Teladorsagia trfurcata. 
Previously, Gulland (1992) determined the average proportion of male T 
circumcincla but not of the other two morphs. This is, therefore, the first complete 
determination of the proportions of the males of each morph of Teladorsagia 
comprising the complex in Hirta Soay sheep. 
Testing for associations of morphs and host age, sex and crash year 
As abomasum nematode species counts were obtained in 1999 and 2002 there was an 
opportunity to test if relative abundance of each morph was associated with year. If 
no association was found, the data from each year could be combined to determine the 
relative proportions of the species comprising the Teladorsagia complex. 
In order to test for an association, a GLM with negative binomial error structure was 
fitted with count, of each morph in turn, as the response variable and age plus sex plus 
year as the explanatory variables (excluding the interactions). There was a significant 
association with age for T circumcincla (p<0.001) and this will be further explored 
later in the section. There was, however, no association with sex or year for any of 
the Teladorsagia morphs. 
This enabled the Teladorsagia spp. male morph count data from both crashes to be 
combined and their relative proportions determined. 
Counts and proportions of the Teladorsaqia spp. morphs 
The following estimates (Table 3.12 and Fig. 3.11) of the relative proportions of the 
three morphologically distinct types that comprise the Teladorsagia spp. complex 
confirm the findings of Gulland (1992) that T. circumcincta is the predominant 
morph. The estimate of 80.17% here is, however, slightly lower than the 85% 
previously recorded. The second most abundant morph was T. davtiani which was 
around three times more numerous than T. irifurcala. 
Although morphologically distinct, Braisher (1999) found no genetic difference 
between the Teladorsagia morphs and so in accordance with the molecular evidence 
the term Teladorsagia spp., encompassing all morphs, will be used throughout the 
remainder of this thesis. 
Table 3.12 	Mean counts and relative proportions of adult male nematodes 
comprising the Teladorsagia spp. complex. T. circumcincla is the predominant male 
adult morph. Estimates are based on counts made from 124 sheep. 95% confidence 
intervk were rkii1ted wcnrdine to Fowler and Cohen (1990). 
Species Mean count of adult male 
Teladorsagia species ± 
95% C.I. 
Proportion (%) of adult 
male Teladorsagia 
species ± 95% C.I. 
T. circumcincta 2365 ± 320 80.17 ± 0.1 
T davtiani 443 ± 78 15.03 ± 0.1 
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0 Teladorsagia trifurcata 
Fig. 3.11 Components of the Teladorsagia spp. complex (see Table 3.12). 
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Teladorsa ala spp. and Trichostrona v/usaxei 
Apart from Teladorsagia spp. another species, Trichostrongylus axei occurs in the 
abomasum of the Hirta Soay sheep. In high density years, prevalence of both species 
is practically 100%. Gulland (1992) previously found that Teladorsagia spp. 
monopolised the abomasum of all age classes of sheep that died in the population 
crash of 1989 comprising around 75% of the burden. 
Counts of the abomasum nematode species in the subset of crash 2002 sheep (Table 
3.2), however, revealed substantially higher T axei counts in some individuals and 
hitherto concealed trends in the burden of the predominant species with age. This 
discovery prompted an examination of a similar subset of random abomasum samples 
that had previously been collected in 1999 (Table 3.1). 
The following section presents a detailed analysis of the results of the re-examination 
of nematode species burden in the abomasum of the Hirta Soay sheep, based on the 
last two consecutive population crashes. 
Comparison of the crashes 
Counts of adult and larval nematodes of Teladorsagia spp. and T. axei were made 
from the set of crash sheep in 1999 and 2002. 
In order to test if there was a significant difference between crashes, a GLM, with 
negative binomial error structure, was fitted using a maximal model with count (of 
each adult species, larvae and adult plus larvae in turn) as the response variable and 
age, sex and crash-year as explanatory variables plus all possible interactions. For 
each set of counts there were no significant main or interactive effects of crash-year. 
With this established, the count data (for both species and crashes) were combined. 
Mixed burden of adult and larval aboniasum nematodes 
Fig. 3.12 shows boxplots of abomasurn nematode burden (combined adults and 
larvae) by sex and age. There appears to be a decrease in burden with age. However, 
there was no significant association of age or sex with abomasum nematode burden 
when tested using a GLM with negative binomial error structure. 
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Fig 3.12 Box plots showing the association between mixed ahornas urn nernatode 
burden (adults plus larvae) and host a) sex and b) age for both crash samples 
combined (see Tables 3.1 and 3.2 for sample sizes). 
Mixed burden of adult nematodes 
By analysing only the adult nematode burden (Fig. 3.13), however, there was an 
almost significant decrease in burden with age (p0.017) but there was still no 
significant difference in burden between the sexes (Table 3.13). The general decrease 
in burden of mixed adult abomasum nematode species with age is similar to that 
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Fig 3.13 Box plots showing the association between mixed adult nematode abomasum 
counts and host a) sex and b) age for both crashes combined (see Tables 3.1 and 3.2 
for sample sizes). 
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Table 3.13 Results of a (IiLM. itli negati e binomial error structure. testing for an 
association between host age and sex and mixed abomasum adult nematode species. 
The final model explained 5.35 % of the deviance. 
Accepted term ADeviance d. f. Pr (Chi) Association 
Age 5.683 1 0.017 Decreasing 
Rejected terms  
Sex 	10.497 1 0.481 - 
Age sex 11.176 1 0.278 - 
Mixed adult nematode burden masks different responses of Teladorsaqia spp. 
and T. axei 
Fig. 3.14 shows box plots of Teladorsagia spp. and Trichostrongylus axei burdens by 
age in 1999 and 2002. It appears that, in both crashes, Teladorsagia spp. burden 
increased with age and T. axei decreased with age. To test for the effects of age and 
sex, two GLMs (one for each species) with negative binomial error structure were 
fitted using a maximal model, with count as the response variable and age and sex as 
explanatory variables plus the interaction. 
In both crashes there was an association with age (p<O.00S) but not with sex, for both 
species (Tables 3.14-3.17). The results indicate that in both population crashes, the 
burden of both species was strongly dependent on host age, with younger individuals 
having a higher burden of T. axei and a lower burden of Teladorsagia spp. than older 
individuals. 
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a) 1999 Teladorsagia spp. 	b) 1999 Trichosirongylus axei 
' 1 2 3 '!Ji 
c) 2002 Teladorsagia spp. 
iI!! 
0 	 1 	 2 	 3  
d) 2002 Trichosirongylus axei 
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Fig. 3.14 Box plots showing counts of Teladorsagia spp. (a and c), which increased 
and Trichostrongylus axei (b and d), which decreased with host age (p<0.005) from a 
subset of sheep which died in the population crashes of 1999 and 2002 (see Tables 3.1 
and 3.2 for sample sizes). 
56 
Table 3.14 Results of a GLM, with negative binomial error structure, testing for an 
association between age and sex and Teladorsagia spp. burden in 1999. The final 
model exnlained 13.39 % of the deviance. 
Year Terms ADeviance d. f. Pr (Chi) Association 
1999 Accepted  
Age 8.926 1 0.003 Increasing 
Rejected  
Sex 0.077 1 0.781 - 
Age:sex 0.116 1 0.733 - 
Table 3.15 Results of a GLM, with negative binomial error structure, testing for an 
association between age and sex and Teladorsagia spp. burden in 2002. Burden 
QicniflntIv incresM with ae The final model exnlained 21.10% of the deviance. 
Year Terms ADeviance d.f. 	- Pr (Chi) Association 
2002 Accepted  
Age 16.580 1 0.000 Increasing 
Rejected  
Sex 2.387 1 0.122 - 
Age:sex 0.459 1 0.498 - 
Table 3.16 Results of a GLM, with negative binomial error structure, testing for an 
association between age and sex and Trichoslrongylus axei burden in 1999. Burden 
siinificantiv decreased with ane. The final model exnlained 17.85 % of the deviance. 
Year Terms ADeviance d.f. 	- Pr (Chi) Association 
1999 Accepted  
Age 12.400 1 0.000 Decreasing 
Rejected  
Sex 1.287 1 0.257 - 
Age:sex 0.075 1 0.784 - 
Table 3.17 Results of a GLM, with negative binomial error structure, testing for an 
association between age and sex and Trichostrongylus axei burden in 2002. Burden 
siinificantiv decreased with ace. The final model exDlained 37.59 % of the deviance. 
Year Terms ADeviance d.f. Pr (Chi) Association 
2002 Accepted  
Age 44.914 1 0.000 Decreasing 
Rejected  
Sex 2.071 1 0.150 - 









Fig. 3.15 Box plots showing combined crash data for the association between 
Teladorsagia spp. (a and c) and Trichostrongylus axei (b and d) and age and sex 
respectively. For each species there was a strong positive or negative association with 
host age respectively (p<0.0001) (see Table 3.1 and 3.2 for sample sizes). 
Table 3.18 Results of a GLM, with negative binomial error structure, testing for an 
association between age, sex and year and burden of Teladorsagia spp. using 
combined data from 1999 and 2002. Burden significantly increased with age. The 
final model exnlained 15.95 % of the deviance. 
Accepted term ADeviance d.f. Pr (Chi) Association 
Age 24.23 1 0.000 Increasing 
Rejected terms  
Sex 0.705 1 0.401 - 
Year 0.159 1 0.690 - 
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Table 3.19 Results of a GLM, with negative binomial error structure, testing for an 
association between age, sex and year and burden of Trichostrongylus axei using 
combined data from 1999 and 2002. Burden was significantly higher in males and 
decreased with age. The final model explained 27.34 % of the deviance. 
Accepted term ADeviance d. f. Pr (Chi) Association 
Age 49.761 1 0.000 Decreasing 
Sex 3.572 1 0.05 More worms in 
males 
Rejected term  
Year 0.043 1 0.836 - 
The significant decrease in combined abomasum burden with age (Table 3.13) masks 
the response of Teladorsagia spp. observed in 1999 and 2002, when it increased, as T 
axei decreased, significantly with age (Fig. 3.14a and 3.14c). By combining data 
from the two crashes, these effects became even more significant (p<0.001) and for T. 
axei the effect of sex became almost significant; males having higher burdens 
(p<0.05) (Tables 3.18 and 3.19). 
Although Teladorsagia spp. undoubtedly increases significantly with age, burden 
appears to peak in the two year old (Fig 3.14) after which it appears to decrease again. 
In order to test this, age was fitted as a quadratic, fitting age + age  as explanatory 
variables in the GLM with negative binomial error structure (Table 3.20). The highly 
significant association with age  implies a non- linearity in response of Teladorsagia 
spp. burden with host age (p<0.001). That is, burden does eventually decrease in the 
host but only after two years. 
Table 3.20 Results of a GLM, with negative binomial error structure, testing for an 
association between age and age  and burden of Teladorsagia spp. using combined 
data from 1999 and 2002. The final model explained 25.90 % of the deviance. 
Accepted term ADeviance d. f. Pr (Chi) Association 
Age 27.29 1 0.000 Increasing 
Age  18.46 1 0.000 Implies increasing to 
peak value then 
decreasing 
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Overall, it can be concluded that there was no significant difference in abomasum 
species burden from sheep that died in the last two population crashes of 1999 and 
2002 (Tables 3.18 and 3.19). Despite the fact that total abomasum adult nematode 
burden generally decreased with age, this masked the opposite response of one of the 
two component species. In both crashes, adult nematode burden of Teladorsagia spp. 
increased at least until the age of two while T. axei decreased with host age. Although 
there was no association between host sex and species burden within either crash, 
when both sets of crash data were combined, an almost significant association was 
detected for T. axei intensity with male hosts having higher burden than females. 
Abundances of male and female Teladorsagia spp. and T. axei nematodes were tested 
for associations with host sex. Sex-specific data did not fit the negative binomial 
distribution therefore a LM with normal error structure was applied to the log 
transformed subset of counts greater than zero, with host sex and age as explanatory 
variables. There was no significant association of nematode sex with host sex for 
Teladorsagia spp. but for T axei the association was almost significant for female 
nematodes, with higher numbers occurring in male hosts (p0.05) (Table 3.21). It is, 
therefore, possible that the male bias for intensity of infection with T. axei may be in 
part due to the ability of the female nematode to proliferate more efficiently in the 
male host. 
Table 3.21 Results of LM, with normal error structure, testing for an association 
between host age and sex and abundance using log transformed T. axei adult a) log 
male and b) log female nematode counts >0. 
a' The final model exolained 59.28 % of the variance. 
Response 
variable 
Term Mean di Pr (Chi) 
 Sq  
Association 
T. axei male Age 58.03 1 0.000 Decreasing 
Rejected 
term  
Sex 0.67 1 0.411 - 
b The final model exolained 52.54 % of the variance. 
Response Term Mean di Pr (Chi) Association 
variable  sq  
T. axei female Age 25.96 1 0.000 Decreasing 




Six species of nematode, from five genera, are harboured in the small intestine. In 
this section, associations between host age and sex and the total burden of the small 
intestine and then each species in turn will be examined. 
Mixed species burden 
Fig. 3.16 shows the mixed species burden for the small intestine by host sex and age. 
There appears to be a higher burden in males and a decrease in burden with age. 
a 	 h 
h 
Fig 3.16 Small intestine burden from 2002 crash sheep by a) sex and b) age (see 
Table 3.2 for sample sizes). 
In order to test if there was any significant association with sex and age on small 
intestine burden, a GLM with negative binomial error structure was fitted using a 
maximal model, with count as the response variable and sex and age (plus the 
interaction) as explanatory variables. There was an almost significant decrease of 
burden with age (p0.010) but no significant difference between the sexes (Table 
3.22). 
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Table 3.22 Results of a GLM, with negative binomial error structure, testing for an 
association between age and sex and small intestine burden. The final model 
exnlainecl 11 i6 % of the deviance. 
Accepted term ADeviance d.f. Pr (Chi) Association 
Age 6.574 1 0.010 Decreasing 
Rejected term  
Sex 0.858 1 0.354 - 
Age:sex 2.506 1 0.113 - 
Small intestine species-specific results 
Introduction 
Using the approach described in section 3.2 for species which do not conform to the 
negative binomial distribution (Fig. 3.17), prevalence and intensity of infection of 
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Fig. 3.17 Histograms showing the distribution of log transformed (counts +1) of the 
small intestine species. 
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Significant results 
This section reports significant associations only from analyses of prevalence and 
intensity of three small intestine species, including worm sex-specific analyses. 
Trichostrong v/us vitrinus 
Trichostrongylus vitrinus is the predominant nematode of the small intestine of Soay 
sheep. For this reason the box-plots in Fig. 3.18 resemble those for the mixed small 
intestine burden shown in Fig. 3.16. 
There was a significant negative association between prevalence and intensity and 
host age (p<0.005) and an almost significant male bias in infection (p<0.05) (Tables 
3.23 and 3.24). This pattern was similar to that of the other species of the same 
genus, T axei, in the abomasum. There were also higher numbers of both male and 
female nematodes in male hosts (p<0.05) (Table 3.25), although the level of 
significance did not meet the sequential Bonferroni correction threshold value. 
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Fig 3.18 Box plots showing Trichostrongylus vitrinus burden from 2002 crash sheep 
by a) sex and b) age (see Table 3.2 for sample sizes). 
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Table 3.23 Results of a GLM, with binomial error structure, testing for an association 
between host age and sex and presence/absence of Trichostrongylus vitrinus. 
Prevalence significantly decreased with age. The final model explained 65.60 % of 
the deviinee 
Accepted term ADeviance d.f. Pr (Chi) Association 
Age 17.708 1 0.000 Decreasing 
Sex 2.796 1 0.094 - 
Age:sex 6.267 1 0.012 Juvenile males 
more often 
have worms 
Table 3.24 Results of LM, with normal error structure, testing for an association 
between age and sex and abundance using log transformed Trichostrongylus vitrinus 
counts >0. 	Burden significantly decreased with age. The final model explained 
1 1 1 0/. of the variance 
Accepted term Mean Sq d.f. Pr (Chi) Association 
Age 10.626 1 0.001 Decreasing 
Sex 5.371 1 0.020 More worms in 
males 
Rejected term  
Age:sex 0.394 1 0.529 - 
Table 3.25 Results of a LM with normal error structure, testing for an association 
between age and sex and abundance using log transformed T. vitrinus adult a) male 
and b) female counts >0. 
The final model explained 17.55 % of the variance. 
Response Accepted Mean dii Pr (Chi) Association 
variable term Sq  
T.viirinus Age 13.00 1 0.000 Decreasing 
male  
Sex 4.19 1 0.04 Male hosts had more 
T vitrinus males 
The final model explained 20.45 % of the variance. 
Response Accepted Mean dii Pr (Chi) Association 
variable term Sq  
T.viirinus Age 7.45 1 0.006 Decreasing 
female  
Sex 6.11 1 0.01 Male hosts had more 
T. vitrinus females 
relu 
Bunostomum trigonocephalum 
Bunostomum irigonocephulum is the largest nematode of the small intestine and tends 
to occur in small numbers. For this reason, in many instances, it may have occurred 
below the threshold of detection. Nevertheless, testing for the response of prevalence 
to age and sex effects may give some indication of the response of intensity. 
Interestingly, prevalence of B. trigonocephaluin significantly increased with age 
(p=0.001) and was higher in males (p=0.022), although the male bias was not 
significant enough to meet the sequential Bonferroni correction threshold value (Fig. 
3.19 and Table 3.26). 
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Fig 3.19 Box plots showing Bunostomum trigonocephalum burden from 2002 crash 
sheep by a) sex and b) age (see Table 3.2 for sample sizes). 
Table 3.26 Results of a GLM, with binomial error structure. testing for an association 
between host age and sex and presence/absence of Bunostomum irigonocephalum. 
Prevalence significantly increased with age. The final model explained 18.00 % of the 
deviance. 
Accepted term ADeviance d.f. Pr (Chi) Association 
Age 10.624 1 0.001 Increasing 
Sex 5.259 1 0.022 Commoner in 
males 
Rejected term  
Age:sex 0.168 1 0.682 - 
Nematodirus filicollis 
The prevalence and intensity of Nematodirus JI/icollis decreased significantly 
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Fig 3.20 Box plot showing Nemaiodirus Jllicollis burden from 2002 crash sheep by 
host age (see Table 3.2 for sample sizes). 
Table 3.27 Results of a GLM, with binomial error structure, testing for an association 
between host age and sex and presence/absence of Nematodirus fihicollis. Prevalence 
significantly decreased with age. The final model explained 50.74 % of the deviance. 
Accepted term ADeviance d. f. Pr (Chi) Association 
Age 47.307 1 0.000 Decreasing 
Rejected term  
Sex 0.100 1 0.751 - 
Age:sex 0.531 1 0.466 - 
Table 3.28 Results of LM, with normal error structure, testing for an association 
between host age and sex and abundance using log transformed Nematodirusfihicollis 
counts >0. Burden significantly decreased with age. The final model explained 23.86 
% of the variance. 
Accepted term Mean Sq d. f. Pr (Chi) Association 
Age 15.234 1 0.000 Decreasing 
Rejected term  
Sex 0.240 1 0.624 - 
Age:sex 0.131 1 0.717 - 
W 11 el 
Non-significant results 
Similar tests were carried out for Capillaria longipes, Nematodirus baltus and 
Sirongyloides papillosus, however, for each of these remaining small intestine species 
there were no significant effects of host age or sex on prevalence or intensity of 
inlctioii. 
Large intestine and caecum 
Only two nematodes occur in the large intestine and caecum; Chahertia ovina and 
Trichuris ovis. Of these two, only T ovis showed an almost significant decrease in 
prevalence of infection with age (p=0.025) (Table 3.29). Fig. 3.21 also shows a 
general decrease in intensity with host age. There were no significant associations of 
nematode sex with host sex. 
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Fig 3.21 Box plot showing Trichuris ovis burden from 2002 crash sheep by host age 
(see Table 3.2 for sample sizes). 
Table 3.29 Results of a GLM, with binomial error structure, testing for an association 
between host age and sex and presence/absence of Trichuris ovis. The final model 
explained 11.07 % of the deviance. 
Accepted term ADeviance d. f. Pr (Chi) Association 
Age 5.008 1 0.025 Decreasing 
Rejected term  
Sex 0.047 1 0.827 - 
Age:sex 0.858 1 0.354 - 
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Associations between species 
Ch i2  tests (or, where appropriate, Fisher's exact tests) and Spearman's rank correlation 
tests were applied to all possible pairings of helminth and arthropod parasites for 
prevalence and abundance respectively. Only three Chi 2 correlations and three 
Spearman's rank correlations were significant after sequential Bonferroni correction 
which required a significance value of p< 0.0004 (Table 3.30). The intensity 
associations are shown in Fig. 3.22. 
The significant negative Chi 2 correlation between presence of M capillaris and N. 
Jilicollis disappeared when an equivalent GLM with binomial error structure was 
applied. This was also true for the significant positive correlations in prevalence 
between M ovinus and N. fihicol/is and D. ovis. 
In order to see if the positive correlations between the intensities of Trichosirongylus 
species and Nematodirus fIlicollis identified in Table 3.30 (Fig. 3.22) were still 
apparent after taking into account all the other nematode species, a GLM with 
negative binomial error structure, was used to test for an association between the 
intensity of each of these species and host sex and age and intensity of other species 
as explanatory variables (excluding interactions). Despite the results of the 
Spearman's rank correlation tests, there were no significant associations between 
these three species using the GLMs. 
The above analyses imply that the apparent correlations between species shown in 
Table 3.30 and Fig 3.22 are accounted for by the effects of host age and sex. 
MM 
Table 3.30 Matrix of correlation test results for between pairs of gastrointestinal nematode species. Chi 2 test (or where appropriate. Fisher's 
exact test) p-values for prevalence are shown above the diagonal. Spearman's rank correlation tests for intensity values are shown below the 

































Teladorsagia a 1.00 1.00 1.00 1.00 1.00 1.00 
spp  
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
T axei -0.10 
(0.39) 
* 0.08 0.36 0.43 0.34 1.00 1.00 1.00 1.00 0.217 1.00 1.00 0.28 0.27 0.14 
T vitrinus -0.03 
(0.78) 
+0.49 * 0.660 0.005 0.017 1.00 0.58 
(0.000)  
0.58 0.13 0.001 0.58 0.05 0.02 0.001 0.01 


























-0.37 * 0.22 0.52 0.70 
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+0.04 * 1.00 0.189 
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+0.00 * 1.00 
(0.97)  
1.00 0.66 1.00 0.69 0.33 
M expansa - - - - - - - - - - * 0.39 0.331 0.19 0.009 
C. tenuicol/is - - - - - - - - - - - * 1.00 0.004 0.30 
D.fllar!a - - - - - - - - - - - - * 0.002 0.27 
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Fig. 3.22 Scatter-plots of intensity for positively correlated pairs of gastrointestinal 
nematode species (Table 3.30) from crash 2002 sheep (see Table 3.2 for sample 
sizes). 
Proportions b y sex of gastrointestinal nematode species 
As already indicated, count data for adult male and female gastrointestinal nematodes 
were obtained. Proportions of each sex for each species are presented in Table 3.31 
and show that in each case, except for N. baitus. females predominate over males. 
Table 3.31 Proportions (%) of male and female adult gastrointestinal nematodes. 
% males % females 
Teladorsagiaspp. 45.64 54.36 
Trichostrongylus axei 42.30 57.70 
Trichostrongylus vilrinus 44.79 55.21 
Bunoslomum trigonocephalum 43.90 56.10 
Chabertia ovina 42.63 57.37 
Nematodirus hattus 50.97 49.03 
NematodirusJIlicollis 45.36 54.64 
Capillaria longipes 40.62 59.38 
Trichuris ovis 38.46 61.54 
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Proportions of strongyle-egg producing female nematodes 
The proportion of strongyle-egg producing female nematodes varies with host age and 
sex. From Fig. 3.23 and Table 3.32 it appears that the predominant proportion of 
adult strongyle-egg producing female nematodes in juvenile sheep are of the genus 
Trichostrongylus. This proportion decreased as that of Teladorsagia spp. increased 
with age. Interestingly, in the two-year-old host the proportion of female 
Teladorsagia spp. to Trichostrongylus spp. was higher in female hosts than males. 
This implies that female hosts of this age class were controlling abundance of adult 
female Trichostrongylus spp. more effectively than their male counterparts. 
Table 3.32 Proportion (%) of adult strongyle-egg producing female nematode species. 
Percentage (%)  
Age class Host sex Telad. Ta Tv Bt Co Sp 
Lambs Male 13.91 43.95 41.30 0.06 0.61 0.16 
Female 22.08 43.93 33.12 0 0.87 0 
Yearlings Male 18.48 44.19 35.79 1 	0.11 1.42 0 
Female 25.94 52.03 20.46 1 0 1.56 0 
Two year olds Male 40.74 24.93 31.70 0.51 2.03 0.08 
Female 70.40 14.35 11.97 0.20 2.79 0.27 
Adults Male 51.93 14.19 28.71 2.90 2.26 0 
female 45.91 10.18 41.89 0.57 1.29 0.14 
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Fig. 3.23 Proportions of adult strongyle-egg producing female nematodes in each host 
sex-age class in 2002 crash sheep (see Table 3.32). 
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Nematode diversity by host age and sex 
The Shannon-Weiner index of diversity of gastrointestinal nematodes was calculated 
for each host. Fig. 3.24 shows that with increasing age Shannon-Weiner values 
seemed to decrease. To check that the distribution (Fig. 3.25) was normal, the error 
structure was evaluated for normality of errors using qqplot function in S-Plus. The 
values were then tested for an association with age and sex using a LM with normal 
error structure and an F test. The results are given in Table 3.33 and show a 
significant decrease in helminth diversity with increasing host age (p<0.00 1). There 
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Fig. 3.24 Boxplots of Shannon-Weiner index of diversity, calculated for all helminth 
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Fig. 3.25 Frequency distribution of Shannon-Weiner index values calculated for all 
gastrointestinal nematodes in all 2002 crash sheep. 
Table 3.33 Results of LM, with normal error structure, testing for an association 
between age, sex and nematode diversity using the Shannon-Weiner index. Diversity 
significantly decreased with age. The final model explained 36.61 % of the variance. 
Terms F value d.f. Pr (F) Association 
Accepted Age 36.32 1 0.000 Decreasing 
Rejected Sex 0.81 1 0.369 - 
Age:sex 0.40 1 0.529 - 
3.4 Bolus experiment on two year old sheep 
In August 2001, an experiment to investigate the effects of parasitism on foraging 
behaviour was undertaken (Jones. Pilkington et al. 2003). A subset of 27 males and 
25 females of the 1999 cohort (then aged two years old) were randomly caught and 
divided into three treatment groups. The anthelmintic/alkane bolus group received 
two boluses: one released the anti-parasitic compound albendazole for up to three 
months, the other released an innocuous alkane. A second group was given only an 
alkane bolus. The third control group received no treatment. 
In the subsequent population crash in the winter/spring of 2002, 61.5% of the animals 
involved in the August 2001 bolus experiment died. Table 3.34 shows the numbers of 
individuals involved in the experiment from which gastrointestinal necropsy samples 
were taken. Although all sheep samples collected were examined only the data from 
male sheep were analysed due to the larger sample size available. 
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Table 3.34 Sample sizes ol' two \ear old sheep from hich gastrointestinal necropsy 
samples were taken I number of potential animals in that group in 2002. *In  this 
group one individual had only an anthelmintic bolus. 
Anthelmintic/alkane 
bolus 
Alkane only bolus control 
male 6*/10 6/9 5/7 
female 2/9 5/8 3/8 
In order to test if the presence of an alkane bolus had any significant effect on 
helminth burden at death, a GLM with negative binomial error structure was fitted 
with count, of each species in turn, as the response variable and treatment (levels were 
alkane only bolus and control) as the explanatory variable. There was no significant 
effect of the alkane bolus on burden of any species and so the alkane only bolus and 
control groups were combined and renamed the control group. 
Effects of the anthelmintic bolus on species burden 
Six months after the administration of the anthelmintic bolus to a set of two year old 
male Soay sheep there was a significant reduction in the gastrointestinal adult 
nematode burden in treated sheep (GLM with negative binomial error structure: 
Adeviance13.16, d.f. =1, p<O.00l) (Fig. 3.26). There was a significant decrease in 
burden of both Trichostrongylus axei and Trichostrongylus vitrinus when tested using 
a non-parametric Mann-Whitney U test (p<0.05) (Fig. 3.27). Although there was a 
general reduction in all other species including Teladorsagia spp these were not found 
to be significant. Nor was there a significant reduction in abomasum larvae burden 
when tested using a GLM. 
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Fig. 3.26 Gastrointestinal adult nematode burden in a subset of two year old male 
Soay sheep involved in an anthelmintic bolus experiment (see Table 3.32 for sample 
sizes). 
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Fig. 3.27 Burden of a) Teladorsagia spp. b) Trichostrongylus axei c) 
Trichostrongylus vitrinus in the anthelmintic bolus and control groups of two year old 
male sheep (see Table 3.34 for sample sizes). 
The results show that the genus Trichostrongylus was most affected by the 
anthelmintic bolus with both species showing a significant decrease in burden in that 
treatment group. Although the decrease in Teladorsagia spp. burden was not 
significant, it may have become so with a larger sample size. 
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Effects of the anthelmintic bolus on nematode diversity 
In order to ascertain whether administration of an anthelmintic bolus, six months prior 
to sampling, had influenced nematode diversity in the subset of two year old male 
Soay sheep, Shannon-Weiner values were calculated for each host before a LM was 
used to test for the effect of treatment (levels were anthelmintic bolus and control). 
Fig. 3.28 shows that nematode diversity appears lower in sheep that were treated with 
the anthelmintic bolus. Nematode diversity was significantly reduced in the treated 
group proving that the anthelmintic bolus had a significant reductive effect on 







Fig. 3.28 Boxplot of Shannon-Weiner index of diversity, calculated for all helminth 
species from two year old male sheep involved in the anthelmintic bolus experiment 
in August 2002 (see Table 3.34 for sample sizes). 
3.5 	Discussion 
Introduction 
The preliminary finding of severe helminth parasite infestation of malnourished Soay 
sheep, in the population crash of 1964 (Boyd 1974), was confirmed and further 
investigated twenty-five years later in a new phase of intensified research initiated by 
Frances Gulland. Gulland (1991) monitored the epidemiology of helminth infection 
spanning the population crash of 1989. Central to the conclusions of this research 
were that i) sheep found dead had experienced protein-energy malnutrition, 
exacerbated by helminth parasites; ii) the predominant species contributing to 
pathological changes observed in the abomasum was Teladorsagia spp. (Gulland 
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I )92). These preliminary conclusions became the Ibundation from which subsequent 
theories surrounding the 1-lirta Soay sheep-parasite system have been formed, 
including the derivation that FEC is a reliable indicator of Teladorsagia spp. burden 
(Wilson, Grenfell et al. 2004). These conclusions will be reviewed and discussed in 
light of the results presented in this chapter. 
3.5.1 Associations between parasite infection and host age 
The most salient aspect of parasite infection of the Soay sheep that died in the 2002 
population crash are the different associations between prevalence and intensity of co-
existing species and host age. While significant decreases in infection of some 
species with age are consistent with well documented effects of acquired immunity, 
the opposing trend of others could be as a consequence of singularities in the parasite 
life-cycle as well as their ability to evade the host immune response. 
Ectoparasites 
Boyd, Doney et al. (1964) first observed that prevalence of the ked, Melophagus 
ovinus and body louse, Damalinia ovis decreased with increasing host age in the St. 
Kilda Soay sheep. This study confirms this finding (Fig. 3.1 and Tables 3.3 and 3.4) 
which is also consistent with the effects of acquired immunity. According to Nelson 
and Bainborough (1963), resistance to M ovinus is achieved due to a localised and 
prolonged cutaneous arteriolar vasoconstriction which curtails the blood supply to the 
upper dermis causing the haematophagus ked to starve. The mechanism behind 
acquired resistance to D. ovis has not been fully elucidated but may be due to a 




The decrease in prevalence of Dictyocaulus filaria with host age (Fig. 3.2 and Table 
3.5) confirmed the findings of Gulland and Fox (1992) and could also be attributed to 
well documented effects of acquired resistance to this species in sheep (Kassai 1999b; 
Urquhart, Armour et al. 1999). In contrast, the prevalence of the characteristic 
Muellerius capillaris nodules in the lung parenchyma of the sheep increased with host 
age (Fig. 3.3 and Table 3.6) and showed an almost significant negative Chi 2 
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correlation with D. fl/aria (Table 3.30). It is possible that the opposing distribution of 
the two lungworm species may be a consequence of their differing life-cycles. 
Unlike D. fl/aria, M. capillaris relies on infecting the sheep indirectly via an 
intermediate molluscan host. Having reached the lungs, the worms develop within 
nodules in which they can live for over two years (Dunn 1978). Although, 
accumulation of redundant unoccupied calcified nodules may, therefore, at least in 
part explain the increase in prevalence of this species with age, Gawor and Borecka 
(1999) found M capillaris larvae recovered from goat faeces were also more 
prevalent and intense in adults than kids. 
Tapeworm 
The decrease in M expansa prevalence (Fig. 3.4 and Table 3.7) and the increase in C 
jenuicollis prevalence (Fig. 3.5 and Table 3.8) with host age confirmed the previous 
findings of Gulland (1991) and Torgerson, Pilkington et al. (1995). Again, the effect 
of acquired immunity on M expansa is well documented for domesticated sheep 
(Lapage 1968; Soulsby 1986; Coop and Jackson 2000) and probably accounts for the 
observed pattern on St. Kilda. The opposite association for C. tenuicollis was also 
observed in sheep in the Middle East (Dajani and Khalaf 1981; Al-Saqur and Al-
Jourani 1987) where tapeworm cysts are more prevalent in sheep over one year old. 
Again, life-cycle differences between the tapeworm species may explain their 
opposing distributions. Unlike M expansa, infective stages of C. tenuicollis probably 
occur at very low densities (Torgerson. Pilkington et al. 1995) and likelihood of 
infection and hence accumulation of cysts increases only with host age, the 
development of cysts probably taking several months (Dajani and Khalaf 1981). 
Abomasum nematodes 
Both Teladorsagia spp. and Trichostrongylus axei share the typical trichostrongylid 
life-cycle however, within the abomasum L3 and L4 larvae of each species develop 
in different micro-environmental niches. Teladorsagia spp. larvae develop within the 
gastric glands while T. axei larvae tunnel between the epithelial layer and lamina 
propria (Balic, Bowles et al. 2000). This subtle difference in larval predilection site 
may partly explain the differing associations of the adult species burden with host age. 
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With increasing host age there was a highly significant increase in intensity of 
Teladorsagia spp. (Fig. 3.15a and Table 3.18) and decrease in intensity of T. axei (Fig 
3.15b and Table 3.19). No significant correlation was detected between the two 
species (Table 3.30) and this was consistent with the findings of Stear, Bairden et al. 
(1998) who conducted a similar analysis on the two species in Scottish Blackface 
lambs. In contrast, Cabaret and Hoste (1998) used a principle component analysis on 
intensity of the species in naturally infected Zaian ewes in Morocco and found a 
negative association between them. Also, Turner, Kates et al. (1962) used 
experimental co-infections of the two species and showed that T circumcincta 
intensity was adversely affected by T. axei infection but that T. axei intensity was not 
adversely affected by T. circumcincta infection and may even have been enhanced by 
It. 
The veterinary literature provides strong evidence that the intensity of T. axei 
decreases with host age due to a sterilizing immune response (Gibson 1952; Ross 
1970; Waller and Thomas 1981; Soulsby 1986). Acquired immunity is also known to 
regulate infection with T. circumcincla, (Smith, Jackson et al. 1985) however, the 
effect is not as strong or as long lasting as for T. axei. Wailer and Thomas (1981) 
found that two separate mechanisms may control the species in lambs. For T. axei, an 
abrupt reduction in accumulated burden was found to occur only after threshold 
intensity was reached. For T. circumcincta, a more continual density-dependant 
turnover occurred in which adult worms were lost and replaced (Wailer and Thomas 
1978). 
One hypothesis to explain the observed results in the Soay sheep is that until 
sufficient intensity of T axei is reached to stimulate expulsion (probably in yearlings), 
Teladorsagia spp. remains at low levels in a response consistent with the phenomenon 
of premunition, whereby a chronic infection of parasites remains at a plateau of adult 
worms either through rejection or arrest of incoming larvae or as a result of the larvae 
replacing adults (Bowman 1995). Hence the dramatic increase in Teladorsagia spp. 
at two years old may mark the end of premunition, previously stabilised by T. axei 
adults, and the beginning of an acute proliferation of Teladorsagia spp. as arrested 
larvae become uninhibited and continue their development. In the analysis conducted 
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here, acquired immunity to Teladorsagia spp. only really becomes apparent in hosts 
older than two years on St. Kilda (Fig. 3.15a) (Table 3.20). 
Intestinal nematodes 
Of the other nematode species occupying the intestines, Trichosirongylus vilrinus 
(Fig. 3.18 and Tables 3.23 and 3.24), NematodirusfIlicollis (Fig. 3.20 and Tables 3.27 
and 3.28) and Trichuris ovis (Fig. 3.21 and Table 3.29) decreased with host age. This 
trend is well documented for these species in domesticated sheep and is attributed to 
the effect of acquired immunity (Dunn 1978; Taylor and Kilpatrick 1980: Waller and 
Thomas 1981; Soulsby 1986). Bunostomum trigonocephalum, however, increased 
with host age (Fig. 3.19 and Table 3.26) and showed an almost significant negative 
correlation in abundance with N. Jllicollis (Table 3.30). This positive association of 
infection intensity with host age is also observed for equivalent hookworm infections 
in humans (Behnke 1987; Crompton and Whitehead 1993) and suggests there is no 
development of acquired resistance despite continual exposure to larval stages 
through ingestion and skin penetration. Recent evidence suggests this is because the 
human hookworm subverts the immune response to promote its survival in the host by 
inducing INF-y production (Hsieh, Loukas et al. 2004). 
Predominant species 
From the data presented (Table 3.9) it is clear that the predominant species in juvenile 
hosts that died in the population crash belonged to the genus Trichostrongylus. T axei 
and T. vitrinus occurred at high intensity in the abomasum and small intestine 
respectively and showed highly correlated abundance (Table 3.30). 
The worm burden radically changed by the age of two years old. Burden of 
Trichostrongylus spp. significantly decreased, presumably as a result of a strong 
acquired immune response to the genus, and the concomitant significant increase of 
Teladorsagia spp. meant that this species predominated in adult sheep (Tables 3.18 
and 3.19) 
In terms of abundance in the juvenile host, combined Trichostrongylus species were 
on average four times more abundant than Teladorsagia spp. In contrast, in the adult 
host, Teladorsagia spp. was around four times more abundant than the combined 
Trichostrongylus species. 
Nematode diversity 
The significant decrease in gastrointestinal nematode diversity with host age (Fig. 
3.24 and Table 3.33) indicated a decline in the total number of species and in the 
evenness of abundance of those species. This might be explained by the effects of 
acquired immunity on some of the species. 
Significant reductions of T axei, T vitrinus and Nematodirus fihicollis abundance 
with age and the positive correlations detected between each of them (Fig. 3.22 and 
Table 3.30) implies they may share regulatory mechanisms controlling them in the 
host. In contrast, B. trigonocephalum showed an almost significant negative 
correlation of intensity and the lungworm M capillaris a negative correlation of 
prevalence (Table 3.30) with N fIlicollis. 
3.5.2 Associations between parasite infection and host sex 
According to Wilson, Grenfell et al. (2004), long term FEC data from the Hirta Soay 
sheep consistently shows males have greater predisposition to and intensity of 
nematode infection than females. This has been shown to be detrimental to their 
survival. Gulland, Albon et al. (1993) demonstrated that, in a year of high mortality, 
yearling males treated with an anthelmintic bolus suffered significantly less mortality 
than controls, though the difference was not significant for females. 
These findings are consistent with the data presented in this chapter. Generally, 
juvenile males had higher ectoparasite infection and mixed gastrointestinal nematode 
burden than any other demographic group (Tables 3.3. 3.4 and 3.11). Of the three 
predominant species, males had higher burdens of Trichostrongylus axei (Table 3.19) 
and Trichostrongylus vitrinus (Table 3.24) but there was no significant difference of 
intensity levels of Teladorsagia spp. between the host sexes. 
Furthermore, combined Trichostrongylus spp. made up a significantly higher 
proportion of the strongyle-egg producing female adult community in male hosts than 
female hosts (Fig. 3.23 and Table 3.32). This leads to the conjecture that higher 
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faecal egg counts generally observed in juvenile male sheep may be as a consequence 
of higher burdens of Trichostrongylus spp. and not Teladorsagia spp. as previously 
implied (Wilson, Grenfell et al. 2004). Trichostrongylus spp. may therefore 
contribute to the increased mortality of juvenile and yearling males in crashes 
(Clutton-Brock, Pemberton et al. 2004). 
3.5.3 Effect of anthelmintic bolus 
Examining gastrointestinal nematode abundance in anthelmintic-bolussed two year 
old male sheep showed an overall reduction in mixed species intensity (Fig. 3.26). 
Interestingly, although the anthelmintic treatment caused a general reduction in all 
species, it was most effective at reducing levels of Trichostrongylus spp. (Fig. 3.27). 
Although the sample size was small and the analysis may have lacked the power to 
detect a significant reduction in Teladorsagia spp., it may also reflect the fact that this 
species was more successful at re-colonising the abomasum than Trichostrongylus 
spp. This is consistent with the finding that Teladorsagia spp. predominated in this 
age group. 
Nematode diversity was also significantly reduced in the treated sheep. This finding 
was consistent with a survey which showed much higher parasite species diversity in 
sheep from organic farms than farms using anthelmintic control in France (Cabaret, 
Mage et al. 2002). 
3.5.4 Comparisons with previous parasitological findings 
Teladorsagia spp. has long been considered the predominant and most significant 
nematode species in all age classes of Hirta Soay sheep dying naturally in population 
crashes. Gulland (1992) estimated that around 75% of adult nematodes recovered 
from the gastrointestinal tract were this species and that its abundance decreased 
significantly with age. Its predominance, in association with lesions on the 
abomasum wall, implicated it as the most pathogenic nematode harboured by the 
sheep (Gulland 1992 Wilson, Grenfell et al. 2004). 
This most recent examination of helminth species burden of the Soay sheep has, 
therefore, revealed a striking departure from this original understanding and raises 
several questions. Primarily, did the burden estimates of 1999 and 2002 differ from 
those of 1989 (Gulland 1992) as a consequence of temporal changes in the 
epidemiology of infection of the helminth species, or as a result of the different 
estimation techniques used? 
In 1989, Gulland (1991) made total worm counts based on examination of 20% 
aliquots of the abomasum using a dissecting microscope. One hundred adult 
nematodes were then randomly selected for identification to genus level, enabling 
relative proportions of each species to be calculated. This method, however, may 
have produced an inadvertent bias if the relative sizes and hence chance of each 
nematode being selected and identified were not taken into account. That is, the much 
larger Teladorsagia spp. (0.7-1.2 cm) probably has more chance of being observed 
and identified than the smaller T axei (0.3-0.8 cm). For the 1999 and 2002 samples, 
this potential source of bias was eliminated when all nematodes in a 1% aliquot were 
identified to species level, having been first stained with iodine (Chapter 2). Since 
estimates were made under the same conditions of population crash and there was no 
significant difference between burden estimates of each species in the last two 
consecutive crashes it is most probable that the differences were due to the estimation 
methods used. 
Implications for FEC as a measure of species burden 
The differences in the predominant species occurring in juvenile and adult sheep that 
died in the population crash of 2002 raises the issue of whether FEC is a reliable 
indicator of burden of each of the species of strongyle-egg producing nematodes, 
especially Teladorsagia spp. Wilson, Grenfell et al. (2004) discusses several lines of 
evidence which show that FEC is an appropriate measure of burden of Teladorsagia 
spp. with the two variables being correlated in Soay sheep on Hirta. However, 
although the correlation is significant the r 2 is only 0.147, so much variance in each 
measure is unexplained by the other. Furthermore, these findings were based on 
methods of species burden estimation less accurate than those used in this study. For 
instance they were based on abomasum only counts, excluding other species from the 
gastrointestinal tract, including the abundant T vitrinus in the small intestine. 
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Fig. 3.29 Hypothetical illustration of the egg producing potential of the predominant 
nematode species in a) male and b) female hosts of different age classes. 
Crucially, this is the first report which provides accurate data on the abundance and 
sex ratios of the strongyle-egg producing nematodes (Table 3.31) and, therefore, on 
the proportions of adult females of different species (Table 3.32). Not only are there 
on average four times more Trichostrongylus spp. than Teladorsagia spp.. in the 
84 
juvenile host, but the proportions of female to male adults is higher for 
Trichostrongylus spp. than for Teladorsagia spp. (Table 3.3 1). 
Hypothetical calculations used to illustrate the egg producing potential of each of the 
predominant nematode females are displayed in Fig. 3.29. The average number of 
adult female nematodes of each species in each host sex-age class was multiplied by 
the approximate number of eggs present in the uterus (Teladorsagia spp. =14; T axei 
5 and T vitrinus = 9) (G.U.V.H. 2001b). The trajectories take no account of host 
immune mechanisms regulating fecundity, instead they give an indication of the biotic 
potential of the nematode species to produce eggs. Furthermore, they are based on 
burdens from animals that died in a population crash. Nevertheless, potential egg 
output of Teladorsagia spp. and Trichostrongylus axei are roughly equivalent in 
lambs, despite their disparity in abundance. Male lambs can potentially shed higher 
levels of Trichostrongylus vitrinus than female lambs. Where egg output of both 
Trichosirongylus species is predicted to fall with increasing host age, Teladorsagia 
spp. egg output has the potential to rise and peak in the two year old host. 
Furthermore, female sheep could potentially shed more eggs of this species than 
males. 
Since FEC is not routinely measured in dead or living hosts in population crashes it is 
not possible to make any comparisons between these hypothetical counts and what is 
actually occurring. Only August FEC data is gathered each year and has been shown 
to be generally higher in males than females and to decrease significantly with age in 
females and, at least to the yearling stage, in males (Wilson, Grenfell et al. 2004). It is 
possible, therefore, that Trichosirongylus vitrinus are contributing considerably 
towards the higher FECs in juvenile males than females and that any rise in FEC in 
older male sheep may be attributable to Teladorsagia spp. egg production as burden 
of the species increases (Fig. 3.29). 
3.5.5 Temporal changes in epidemiology 
It is important to remember that only examining the parasite burden of animals that 
died in a population crash, predominantly of malnutrition, presents an ascertainment 
problem. That is, we cannot know the burden of species in contemporary individuals 
that survived the crash that year or burden in living individuals in a year of negligible 
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mortality. FEC gives an indirect measure of burden and is described by Wilson, 
Grenfell et al. ( 2004) as being a function of population-age structure. That is there 
are correlations between density of lambs and intensity of L3 on the pasture, and the 
density of adults and the diminution of the herbage. Hence, FEC tends to be higher in 
high density years. 
FEC cannot, however, provide information on the relative proportions of the main 
species, although species specific identification from eggs may be possible in the 
future (Wimmer, Craig et al. 2004) (see Chapter 6 and Appendix 2). Nevertheless, 
analysing burden of parasite species under the extreme conditions of a crash gives an 
insight into how successful they are at infesting hosts whose immune systems are 
depressed due to malnutrition. 
3.6 Summary 
The most abundant gastrointestinal nematode species of Hirta Soay sheep that died 
in the population crash of 2002 varied according to host age class. Burdens of the two 
species of Trichostrongylus were higher in juveniles and decreased significantly with 
age. Burden of Teladorsagia spp. significantly increased with age and predominated 
in adult hosts, intensity peaking at the age of two years. 
Other species that decreased significantly in prevalence or intensity with host age 
were Melophagus ovinus, Damalinia ovis, Dictyocaulus fl/aria and Nematodirus 
fihicollis and that increased with host age were Muellerius capillaris, Cysticercus 
tenuico/lis and Bunostomum irigonocephalum. 
Overall helminth diversity decreased significantly with host age. 
Generally. males had higher burden of Trichostrongylus spp. than females and 
juvenile males were most prone to higher mixed nematode species burden and 
ectoparasite infection. 
Trichostrongylus spp. made up a higher proportion of the strongyle-egg producing 
female adult nematode community in male hosts than female hosts. 
M. 
vi) Administration of an anthelmintic bolus to a group of two year old male sheep, six 
months before they died in the population crash of 2002, significantly reduced their 
overall helminth burden and diversity. The only individual species to be significantly 
reduced belonged to the genus Trichosirongylus. 
87 
Chapter 4 
Protozoan Parasites: Point Prevalence, Intensity and Diversity in Living 
Hosts 2001- 2003 
4.1 	Introduction 
Co-existing with the helminth parasites in the intestines of the Hirta Soay sheep are a 
diverse fauna of parasitic protozoa. Thirteen species were identified in this study, 
increasing the inventory of parasites known to be harboured by the sheep by around 
40% (Wilson. Grenfell et al. 2004). This chapter presents the results of the first 
thorough investigation into protozoan species point prevalence, intensity and diversity 
in the sheep across three years of varying host population density. 
Between the Augusts of 2001 and 2002, the Hirta population of sheep first decreased 
by 52% and then increased by 74% between the Augusts of 2002 and 2003 (Table 
4.1). The population crash early in 2002 demonstrated that the August 2001 
population was above carrying capacity for the following winter. Despite the 
dramatic increase in population size which took place in 2003, sheep numbers did not 
exceed carrying capacity as the population did not crash early in 2004. Therefore, the 
three years can be consecutively termed high, low and intermediate population density 
years 
Table 4.1 Total Hirta Soay sheep population size recorded in August of each 
samnliiw year. 
Adults Lambs Total 
2001 (high) 1202 687 1889 
2002 (low) 623 284 907 
2003 (intermediate) 953 615 1568 
The objectives of this chapter are: 
i) To investigate the epidemiology of each of the protozoan species in terms of 
associations between their prevalence and/or intensity and host age, sex and year. 
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ii) To explore aspects of the ecology of the protozoan fauna, including measuring 
diversity and testing for associations between different species within and across the 
years. 
4.2 	Data and analysis 
Sample sets 
Since different techniques were employed to identify and quantify each genus of 
protozoa (Chapter 2), sample sizes of hosts examined for each varied slightly (Tables 
4.2, 4.3 and 4.4). At the time of sampling in August each year, lambs (also referred to 
as juveniles), yearlings, two year olds and adults were 4, 16, 28 and >28 months old 
respectively. The 2001 cohort suffered 95% mortality in the crash of 2002 and so no 
yearling or two year old sheep were available for sampling in August 2002 and 2003 
respectively. 
TihLp i.7 Simn1e 	fnr C narviim analyses. 
Lambs Yearlings Two-year olds Adults Total 
2001 male 39 28 20 6 93 
2001 female 44 27 20 61 152 
2002 male 36 * 9 7 52 
2002 female 28 * 27 92 147 
2003 male 38 27 * 9 74 
2003 female 55 20 * 70 145 
Table 4.3 Sample for G. duodenalis analyses. Although prevalence was recorded for 
all three years, intensity values were only recorded in 2002 and 2003. 
Lambs Yearlings Two-year olds Adults Total 
2001 male 30 27 17 5 79 
2001 female 39 21 20 54 134 
2002 male 29 * 8 6 43 
2002 female 22 * 17 61 100 
2003 male 34 20 * 8 62 
2003 female 41 15 * 51 107 
Rue 
Table 4.4 Sample sizes for Eimeria species analyses. 
Lambs Yearlings Two-year olds Adults Total 
2001 male 27 21 11 1 60 
2001 female 29 17 11 27 84 
2002 male 28 * 8 6 42 
2002 female 22 * 17 61 100 
2003 male 32 20 * 8 60 
2003 female 38 15 * 52 105 
Presentation of prevalence and intensity results 
To improve ease of reading, tables of prevalence, intensity and associated GLM and 
LM results for each species as well as GLM results for Eimeria species diversity are 
presented in the appendix for this chapter (section 4.8). In all intensity tables, 95% 
confidence intervals for mean counts were calculated as detailed in Chapter 3. 
Eimeria species diversity was calculated using the Shannon-Weiner index in the same 
way as previously described for the helminth parasites. Illustrative figures and 
summarised descriptions of these results are presented in this chapter. 
Prevalence and intensity 
Prevalence of each species was analysed using a GLM with binomial error structure 
testing for associations between presence/absence of infection and possible 
explanatory variables. The frequency distributions for Cryptosporidium parvum, 
Giardia duodenalis and all Eimeria species are shown in Figs. 4.4, 4.9 and 4.17 
respectively. Intensity of each species was highly aggregated in the host population in 
all years and appeared to have negative binomial distributions. In order to check this, 
the negative binomial parameter (k) was calculated for these species as described in 
Chapter 3 (Table 4.5) and the error structure checked using the qqplot function in S-
plus (Crawley 2003). It was found that G. duodenalis and mixed Eimeria species 
intensities were best described by the negative binomial distribution and were 
therefore analysed using a generalised linear model (GLM) with negative binomial 
error structure. 
KE 
Table 4.5 The mean, variance and negative binomial parameter (k) of the frequency 
distributions of C. parvum, G. duodenalis and mixed Eimeria species. 
Species Mean Variance Negative binomial parameter (k) 
C. parvum 8 5169 0.01 
G. duodenalis 6 37 0.05 
Mixed Eimeria spp. 4940 205189295 0.12 
Although C. parvum counts appeared to show a negative binomial distribution (Fig. 
4.4), when a GLM with negative binomial error structure was attempted there were 
problems with convergence of the model making the results unreliable. By examining 
the frequency distributions for each year it is clear that this was probably due to the 
fact that across the years most counts were very low and there were a few extremely 
high counts observed only in 2001. It was therefore deemed a more conservative 
approach to describe the data than present a potentially flawed analysis (L. Kruuk, 
personal communication). The prevalence results for C. parvum are consistent with 
the observation that infections appeared more intense in 2001. 
The use of a GLM with negative binomial error structure was also not the best 
approach for the individual Eimeria species. Raw count data for each Eimeria species 
is shown in Fig. 4.14. Fig. 4.1 shows that for these species, when the counts (+1) were 
log transformed, the highest count of zero was not followed by a second highest count 
of one and so on as the negative binomial distribution assumes. This caused problems 
when a GLM with negative binomial error structure was attempted. Instead, a linear 
model (LM) was used to test the log transformed count data, excluding the zero 
counts. This was the same approach as used in Chapter 3 for small intestine helminth 
parasites with awkward distributions (L. Kruuk, personal communication). 
All models specified sex (d.f.1) and year (d.f.=2) as categorical variables and age as 
a continuous variable (d.f1) and these main effects were tested along with all 
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Fig. 4.1 Frequency distributions of log transformed Eimeria spp. counts (+1) 2001-
2003. 
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Sequential Bonferroni correction 
As described in Chapter 3, in order to limit the chances of making Type 2 errors in the 
analyses of this chapter, a sequential Bonferroni correction was used (Rice 1989). 
This was applied to three suites of tests namely i) all prevalence and intensity models 
for each species including mixed Eimeria spp. (26 tests) ii) All Spearman's rank and 
Chi2 correlation tests (399 tests) and iii) All GLMs subsequently used to confirm 
significant correlations (52 tests). All yielded a threshold value of pO.00l. 
Consequently, in tables of results only p-values meeting this sequential Bonferroni 
correction threshold value are highlighted in bold. 
4.3 Epidemiology of each species 
Introduction 
In this section and in the appendix to this chapter (section 4.8) the statistical 
procedures outlined above are used with data for each species of protozoan in turn to 
test for associations between age, sex and year and prevalence and intensity of 
infection. Presentation in the appendix of this chapter (section 4.8) follows the 
following format for each species i) table summarising prevalence data ii) GLM table 
for prevalence iii) table summarising intensity iv) GLM or LM table for intensity. In 
the chapter text the results are presented in graphical format with a description of the 
significant results. 
4.3.1 Cryptosporidium parvum 
Prevalence 
Prevalence data is shown in Table A4.1 and illustrated in Fig 4.2 and 4.3. Statistical 
tests of prevalence are shown in Table A4.2. The year of highest prevalence was in 
2001 (p<O.00I) and a significant interaction between age and year (p=O.00I) 
indicated that lambs in 2001 had higher prevalence than any other age class in any of 
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Fig. 4.3 Prevalence of C. parvum by host sex and year. 
Intensity 
Intensity data is shown in Table A4.3 and illustrated in Fig. 4.5 and 4.6. As described 
in Chapter 2, counts of oocysts were made from Ziehi-Neelsen slides. Over all hosts 
sampled, C. parvum intensity was strongly aggregated in the population (Fig. 4.4). As 
explained in section 4.2 there were problems with fitting a GLM with negative 
binomial error structure to test intensity across the years. However, it does appear 
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Fig. 4.6 Intensity of C. parvum by host sex and by year. 
4.3.2 Giardia duodenalis 
Prevalence 
Prevalence data is shown in Table A4.4 and illustrated in Fig 4.7 and 4.8. Statistical 
tests of prevalence are shown in Table A4.5. Prevalence of G. duodenatis 
significantly decreased with host age (p<O.00I) but there was no significant 
association of prevalence with sex or year. 
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Fig. 4.8 Prevalence of G. duodenalis by host sex and year. 
Intensity 
Intensity data is shown in Table A4.6 and illustrated in Fig 4.10 and 4.11. As 
described in Chapter 2, counts of cysts in ten random fields of the coverslip were 
made. Statistical tests of intensity are shown in Table A4.7. Over all samples, G. 
duodenalis intensity was strongly aggregated in the population (Fig. 4.9). Intensity of 
infection significantly decreased with host age (p<0.00 1) and male lambs were prone 
to higher intensity of infection (p<0.001). Although data for 2001 was not obtained, a 
comparison between 2002 and 2003 showed that intensity was significantly higher in 
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Fig. 4.10 Intensity of G. duodenalis by host age and by year. 
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Fig. 4.11 Intensity of G. duodenalis by host sex and by year. 
4.3.3 Eimeria spp. 
Introduction 
Eimeria is the most speciose genus of protozoan in the small intestine of the Soay 
sheep. Eleven species were identified and their respective prevalence and mean 
intensity values were obtained as detailed in Chapter 2 and are illustrated below. In 
2002 a modified McMaster count method, which differed slightly from the method 
used in the other years, was used on most of the samples. In order to check that the 
two methods produced comparable results, sixty-five samples were counted using 
each technique. A paired t-test showed no significant difference between each set of 
mixed species count data (p0.63) and a Pearson's product-moment correlation test 
showed a highly significant correlation between the data sets (r 2 =0.90, p=0 . 000). 
Prevalence and intensity 
Prevalence (Figs. 4.12 and 4.13) and intensity, expressed as oocysts per gram of 
faeces (see Chapter 2) (Figs. 4.15 and 4.16) for each species of Eimeria is shown 
below. The statistical analyses for each species are presented in the appendix to this 
chapter (section 4.8). 
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Fig. 4.15 Intensity of Eimeria spp. by host age in each year of study. Note that these 
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Fig. 4.16 Intensity of Eimeria spp. by host sex in each year of study. Note that these 




There was a significant decrease in prevalence of E. ahsaia with host age (p<O.00I) 
and a male bias in prevalence (p<0.00 1). There was also a significant association 
with year, with prevalence lowest in 2003 (p<O.00I) (Tables A4.8 and A4.9). 
Intensity was aggregated in the population across the years (Fig. 4.14). A significant 
decrease in intensity of infection with host age was detected (p<O.00I). There was a 
significant association with year with intensity lowest in 2003 (p<O.00I) and highest 
in lambs in 2001(p<0.001) (Tables A4.1 0 and A4.1 1). 
Eimena bakuensis 
There was a significant decrease in prevalence of E. bakuensis with age (p<0.00 1) and 
a male bias in prevalence (p<O.00I). There was also a significant association with 
year with prevalence highest in 2002 (p<0.001) (Tables A4.12 and A4.13). Intensity 
was aggregated in the population across the years (Fig. 4.14). A significant decrease 
in intensity of infection with E. bakuensis with host age was detected for all years 
(p<O.00l). Female lambs and lambs in 2002 were most prone to high counts 
(p<O. 00 I) (Tables A4.14 and A4.15). 
Eimena crandallis 
Prevalence of E. crandallis significantly decreased with age (p<0.00 1) (Tables A4.16 
and A4.17). Intensity was aggregated in the population (Fig. 4.14) and significantly 
decreased with host age (p<0.001). There was also a significant association with 
year, with intensity lowest in 2003 (p<O.00I) (Tables A4.18 and A4.19). 
Eimena faurei 
There was a significant decrease in prevalence of E. faurei with host age (p<0.001) 
and there was a significant association with year, with lowest prevalence in 2003 
(p<O.00I) (Tables A4.20 and A4.21). Intensity was aggregated in the population 
(Fig. 4.14) and there was a significant decrease in intensity of infection with age 
(p<O.00l) (Tables A4.22 and A4.23). 
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Eimeria granulosa 
Unusually, prevalence of E. granulosa significantly increased with host age (P<0.00 1) 
and was lowest in 2003 (p<O.00l) (Tables A4.24 and A4.25). Intensity was 
aggregated in the population (Fig. 4.14). No significant association between age, sex 
or year and intensity of infection was detected (Tables A4.26 and A4.27). 
Eimena intricata 
Prevalence of E. intricala significantly decreased with host age (p<0.00 1). There was 
a significant association with year with highest levels in 2002 (p<O.00l) (Tables 
A4.28 and A4.29). Intensity was aggregated in the population across the years (Fig. 
4.14) and significantly decreased with host age (p<0.00l)(Tables A4.30 and A4.31). 
Eimena marsica 
Prevalence of E. marsica significantly decreased with host age (p<0.001) and there 
was a male bias (p<0.001). There was also a significant interaction between age and 
year with lambs in 2003 having highest prevalence (p<0.001) (Tables A4.32 and 
A4.33). Intensity was aggregated in the population (Fig. 4.14) and decreased 
significantly with age (p<O.00I) (Tables A4.34 and A4.35). 
Eimeria ovinoidalis 
Prevalence of E. ovinoidalis significantly decreased with age (p<0.001). There was a 
significant association with year with levels lowest in 2003 (p<0.001)  (Tables A4.36 
and A4.37). Intensity was aggregated in the population across the years (Fig. 4.14). 
There was no significant association with age, sex or year (Tables A4.38 and A4.39). 
Eimena pal/ida 
Prevalence of E. pal/ida significantly decreased with host age (p<0.001) (Tables 
A4.40 and A4.41). Intensity was aggregated in the population across the years (Fig. 
4.14) and significantly decreased with host age (p<0.00 1). There was, however, no 
significant association between intensity of infection and host sex or year (Tables 
A4.42 and A4.43). 
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Eimeria parva 
Prevalence of E. parva significantly decreased with host age (p<0.00I) and a male 
bias in prevalence occurred (p<O.00l). Prevalence was significantly higher in 2003 
(p<0.001) with lambs having highest values in that year (p<0.001) (Tables A4.44 and 
A4.45). Intensity was aggregated in the population (Fig. 4.14) and significantly 
decreased with host age (p<O.00I) (Tables A4.46 and A4.47). 
Eimeria weybridgensis 
Prevalence of E. weybridgensis decreased significantly with age (p<0.00 1) (Tables 
A4.48 and A4.49). Intensity was aggregated in the population across the years (Fig. 
4.14), decreased significantly with host age (p<O.00I) and was lowest in 2003 
(p<0.001) (Tables A4.50 and A4.51). 
Mixed Eimeria spp. counts 
For each individual, when the Eimeria species were combined, prevalence of 
infection was 100%. Mixed Eimeria spp. intensity was aggregated in the population 
across the years (Fig. 4.17). Intensity of the mixed counts by host age and sex are 
shown in Figs. 4.18 and 4.19. In order to test for associations of age, sex and year 
with intensity of infection of mixed Eimeria spp. counts, a GLM, with negative 
binomial error structure was applied. 
Intensity of mixed Eimeria spp. infection significantly decreased with host age 
(p<O.00l). There was a significant effect of year with highest intensity in 2002 
(p<O.00l). An interaction between age and year indicated that lambs in 2002 had 
highest intensity (p0.001) No association with host sex was detected (Tables A4.52 
and A4.53). 
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Fig. 4.19 Intensity of Eimeriu spp. by host sex in each year of study. 
4.4 Intestinal protozoan ecology 
4.4.1 Diversity of Eimeria spp. 
Diversity of the Eimcria species was measured for each host as described in Chapter 3 
(for helminth parasites) using the Shannon-Weiner index. Shannon-Weiner values 
appeared higher in males and to decrease with host age (Fig. 4.20). The distribution 
of Shannon-Weiner index values appeared to be approximately normal (Fig. 4.21). 
The normality of the error structure was evaluated using the qqplot function in S-plus 
before associations with age, sex and year was tested for using a LM. 
The results, given in Table A4.54, show a significant male bias in diversity (p<O.00I) 
and decrease with increasing host age (p<O.00I). There was also a significant 
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2001-2003. 
4.4.2 Testing for associations between species 
Correlation tests 
Chi 2 tests (or, where appropriate. Fisher's exact tests) and Spearnrnn's rank correlation 
tests were applied to all possible pairings of protozoan species for prevalence and 
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intensity (Eimeria spp. only) respectively. Since significant associations with year 
were detected for many species (see section 4.3) each year was tested separately. The 
results are given for each year in the matrices shown in Tables 4.6a-c. The 
overwhelming majority of significant correlations were positive. In order to see if the 
significant correlations in prevalence between the protozoan species were still 
apparent after taking into account host age and sex and all the other species, a GLM, 
with binomial error structure, was used to test for an association with 
presence/absence of each species (in turn) as the response variable and sex plus age 
plus presence/absence of all other species as the explanatory variables (excluding the 
interactions) for each year. In order to see if any trends were apparent across the 
years, a similar model was applied using all prevalence data and including year as an 
explanatory variable. 
2001 prevalence 
Taking into account the effects of host age and sex and all other species, GLM 
analysis confirmed five of the associations indicated by a Chi 2 test alone (Table 4.6a). 
These were between C. parvum and G. duodenalis; E. ahsata and E. bakuensis and E. 
crandallis; E. crandallis and E. marsica and E. weybridgensis. It also revealed two 
more associations not previously detected between E. crandallis and E. granulosa and 
L. ovinoidalis and E. fzurei. All associations were positive (p<0.001 ). 
2002 prevalence 
Taking into account the effects of host age and sex and all other species GLM 
analysis, confirmed five of the associations indicated by Chi 2 test alone (Table 4.6b). 
These were between E. crandallis and E. weybridgensis; E. faurei and E. parva; E. 
ovinoidalis and E. bakuensis and E. intricala and E. parva and E. weybridgensis. It 
also revealed one association not previously detected; this was between E. bakuensis 
and E. pallida. All associations were positive (p<0.001). 
2003 prevalence 
Taking into account the effects of host age and sex and all other species GLM 
analysis, confirmed five of the associations indicated by Chi 2 test alone (Table 4.6c). 
These were between E. hakuensis and G. duodenalis and E. crandallis and E. 
weybridgensis and E. crandallis and E. intricata and E. parva. All associations were 
positive (p<O.00 1). 
2001-2003 prevalence 
Taking into account the effects of host age, sex, year and all other species, twenty-one 
associations were found across the three years. Only one of these was a negative 
association between G. duodenalis and E. faurei (p<0.01) the rest were positive 
associations between G. duodenalis and E. crandallis (p<O.00I) and E. intricata 
(p<z0.05); E. ahsata and E. crandallis and E. bakuensis (p<O.00I) and E. granulosa 
(p<0.05); E. bakuensis and E. weybridgensis (p<0.005) and E. faurei and E. marsica 
(p<0.05); E. crandallis and E. intricata and E. parva (p<0.005) and E. weybridgensis 
(p<O.00l); E. .faurei and E. ovinoidalis and E. parva (p<0.05); E. granulosa and E. 
weybridgensis (p<O.00l); E. intricata and E. weybridgensis (p<O.OI); E. marsica and 
E. ovinoidalis (p<0.05) and E. parva and E. weybridgensis (p<0.005); E. ovinoidalis 
and E. granulosa and E. intricata (p<0.05). Only results at p0.001 met the required 
level of significance after sequential Bonferroni correction. 
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Table 4.6a Matrix of correlation test results for pairs of protozoan species for 2001. Chi 2 (or where appropriate, Fisher's exact test) p-values for 
prevalence data are shown above the diagonal. Spearman's rank correlation tests for intensity data are shown below the diagonal line (r s(p-
value). Significant correlations (after sequential Bonferroni correction) are highlighted in bold. 
2001 E. E. E. E. E. E. E. E. E. E. E. C. G. 
ahsata bakuensis crandallis faurei granulosa intricata marsica ovinoidalis pal/ida parva wevhridgensis parvurn duodena/is 
E. ahsata * 0.000 0.000 0.000 0.44 0.000 0.000 0.01 0.25 0.000 0.000 0.13 0.000 
E. bakuensis +0.75 * 0.000 0.000 0.05 0.001 0.000 0.19 0.29 0.000 0.000 0.01 0.07 
(0.000)  
E. crandal/is +0.70 +0.67 * 0.012 0.13 0.01 0.000 0.08 0.32 0.000 0.000 0.15 0.004 
(0.000) (0.000) 
E.faurei +0.42 +0.43 +0.41 * 0.26 0.05 0.03 0.004 0.96 0.000 0.01 0.19 0.89 
(0.000) (0.000) (0.000)  
E. granulosa -0.20 -0.21 -0.13 -0.09 * 0.13 0.15 0.89 0.79 0.16 0.76 0.19 0.23 
(0.012) (0.008) (0.09) (0.22)  
E. inlricata +0.39 +0.34 +0.39 +0.21 -0.13 * 0.01 0.02 0.32 0.000 0.002 0.53 0.01 
(0.000) (0.000) (0.000) (0.009) (0.09) 
E. marsica +0.37 +0.36 +0.49 +0.21 -0.20 +0.29 * 0.09 0.71 0.000 0.000 0.34 0.11 
(0.000) (0.000) (0.000) (0.008) (0.01) (0.000)  
E. ovinoida/is +0.22 +0.16 +0.27 +0.24 -0.00 +0.24 +0.12 * 0.18 0.002 0.22 0.41 0,02 
(0.007) (0.05) (0.000) (0.002) (0.98) (0.004) (0.13)  
E. pal/ic/a +0.15 +0.12 +0.20 +0.01 -0.00 +0.10 +0.05 +0.11 * 0.10 0.12 0.19 0.40 
(0.05) (0.13) (0.01) (0.87) (0.97) (0.196) (0.49) (0.16)  
E. parva +0.59 +0.58 +0.68 +0.35 -0.14 +0.39 +0.50 +0.25 +0.11 * 0.000 0.38 0.001 
(0.000) (0.000) (0.000) (0.000) (0.07) (0.000) (0.000) (0.002) (0.15)  
E. +0.66 +0.66 +0.77 +0.38 -0.18 +0.38 +0.43 +0.23 +0.21 +0.60 * 0.02 0.005 
weybridgensis (0.000) (0.000) (0.000) (0.000) (0.02) (0.000) (0.000) (0.004) (0.009) (0.000) 
C. parvum - - - - - - - - - - * 0.000 
G.  
duodenalis  
Table 4.6b Matrix of correlation test results for pairs of protozoan species for 2002. Chi 2 (or where appropriate, Fisher's exact test) p-values for 
prevalence data are shown above the diagonal. Spearman's rank correlation tests for intensity data are shown below the diagonal line (r s(p-
value). Significant correlations (after sequential Bonferroni correction) are highlighted in bold. 
2002 E. E. E. E. E. E. E. E. E. E. E. C. G. 
ahsaia bakuensis crandallis faurei granulosa intricala inarsica ovinoidalis pal/ida pari'a wevhridgensis parvurn duodenalis 
E. ah.sata * 0.000 0.000 0.000 0.02 0.000 0.21 0.03 0.06 0.000 0.000 1.00 0.000 
E. bakuensis +0.67 * 0.000 0.000 0.003 0.000 0.000 0.000 0.01 0.000 0.000 0.44 0.000 
(0.000)  
E. crandallis +0.63 +0.74 * 0.005 0.19 0.000 0.005 0.003 0.06 0.002 0.000 0.35 0.002 
(0.000) (0.000) 
E.faurei +0.49 +0.46 +0.48 * 0.02 0.000 0.72 0.01 0.48 0.000 0.02 0.68 0.18 
(0.000) (0.000) (0.000)  
E. granulosa -0.26 -0.31 -0.27 -0.23 * 0.001 0.66 0.32 1.00 0.22 0.90 0.04 0,03 
(0.002) (0.000) (0.002) (0.008) 
E. inlricala +0.51 +0.63 +0.66 +0.33 -0.31 * 0.01 0.000 0.21 0.000 0.000 0.43 0.000 
(0.000) (0.000) (0.000) (0.000) (0.000)  
E. tnarsica +0.24 +0.46 +0.48 +0.10 -0.02 +0.27 * 0.000 0.32 0.03 0.005 1.00 0.09 
(0.005) (0.000) (0.000) (0.24) (0.77) (0.001)  
E. ovinoidalis +0.29 +0.43 +0.40 +0.29 -0.09 +0.45 +0.38 * 0.09 0.24 0.01 0.60 0.08 
(0.000) (0.000) (0.000) (0.000) (0.27) (0.000) (0.000)  
E.pallida +0.15 +0.25 +0.15 +0.06 -0.01 +0.10 +0.09 +0.16 * 0.61 0.05 1.00 0.14 
(0.08) (0.003) (0.08) (0.45) (0.86) (0.22) (0.31) (0.05)  
E.parva +0.46 +0.57 +0.56 +0.42 -0.18 +0.48 +0.36 +0.28 +0.09 * 0.000 0.46 0.003 
(0.000) (0.000) (0.000) (0.000) (0.03) (0.000) (0.000) (0.00) (0.26)  
E. +0.59 +0.73 +0.78 +0.38 -0.18 +0.62 +0.46 +0.43 +0.16 +0.62 * 0.40 0.03 
wevhridgensis (0.000) (0.000) (0.000) (0.000) (0.03) (0.000) (0.000) (0.000) (0.05) (0.000) 




Table 4.6c Matrix of correlation test results for pairs of protozoan species for 2003. Chi 2 (or where appropriate, Fisher's exact test) p-values for 
prevalence data are shown above the diagonal. Spearman's rank correlation tests for intensity data are shown below the diagonal line (r s(p-
value). Significant correlations (after sequential Bonferroni correction) are highlighted in bold. 
2003 E. E. E. E. E. E. E. E. E. E. E. C. G. 
ahczta bakuensis crandallis faurei granulosa iniricala marsica ovinoidalis pal/ida parva weybridgensis parvum duodenalis 
E. a/isaia * 0.000 0.000 0.005 1.00 0.004 0.02 0.41 0.79 0.40 0.01 0.16 0.78 
E. bakuensis +0.44 * 0.000 0.002 0.005 0.000 0.000 0.14 0.03 0.000 0.000 0.56 0.000 
(0.000)  
E. cranda//is +0.40 +0.77 * 0.03 0.12 0.001 0.002 0.10 0.20 0.000 0.000 0.83 0.000 
(0.000) (0.000) 
E.faurei +0.23 +0.20 +0.25 * 1.00 0.08 0.01 0.11 0.43 0.05 0.02 1.00 1.00 
(0.005) (0.01) (0.001)  
E. granulosa +0.02 -0.24 -0.19 -0.03 * 0.31 0.13 0.27 1.00 0.08 0.89 1.00 0.98 
(0.79) (0.003) (0.01) (0.69)  
E. inl'ricala +0.26 +0.38 +0.42 +0.14 -0.11 * 0.000 0.12 1.00 0.04 0.002 0.20 0.03 
(0.001) (0.000) (0.000) (0.06) (0.16)  
E. marsica +0.19 +0.55 +0.51 +0.22 -0.14 +0.27 * 0.04 0.92 0.000 0.000 0.99 0.05 
(0.01) (0.000) (0.000) (0.006) (0.08) (0.000)  • ovinoida/is +0.31 +0.16 +0.18 +0.15 -0.09 +0.12 +0.20 * 0.17 0.26 0.05 1.00 0.44 
(0.08) (0.04) (0.02) (0.05) (0.26) (0.11) (0.01) 1 
E.pa/Iida +0.04 +0.17 +0.10 +0.05 -0.02 +0.02 +0.009 +0.13 * 0.01 0.03 0.54 0.26 
(0.61) (0.003) (0.19) (0.52) (0.75) (0.74) (0.90) (0.09)  
E.parva +0.15 +0.59 +0.65 +0.26 -0.18 +0.26 +0.56 +0.19 +0.19 * 0.000 0.95 0.02 
(0.06) (0.000) (0.000) (0.001) (0.02) (0.001) (0.000) (0.01) (0.01)  
E. +0.30 +0.74 +0.74 +0.25 -0.10 +0.39 +0.57 +0.21 +0.11 +0.64 * 0.97 0.002 
weybridgensis (0.000) (0.000) (0.000) (0.001) (0.21) (0.000) (0.000) (0.009) (0.15) (0.000) 




4.5 	Synthesis of epidemiological results 
The following section is a collation of the results presented in this chapter summarised 
under headings which will form the basis for the subsequent discussion. 
Associations with host age 
There was a strong negative association between host age and mixed Eimeria species 
intensity and diversity. This trend was apparent for prevalence and intensity of nearly 
all individual species except E. granulosa whose prevalence increased with host age 
(Table 4.7). 
Table 4.7 Direction of significant associations of prevalence and intensity of each 
protozoan species with host age. 
Species Prevalence Intensity 
C. parvum Decreasing NA 
G. duodenalis Decreasing Decreasing 
E. ahsata Decreasing Decreasing 
E. bakuensis Decreasing Decreasing 
E. crandallis Decreasing Decreasing 
E. jurei Decreasing Decreasing 
E. granulosa Increasing - 
E. intricala Decreasing Decreasing 
E. marsica Decreasing Decreasing 
E. ovinoidalis Decreasing - 
E. pal/ida Decreasing Decreasing 
E. parva 	 I Decreasing Decreasing 
E. weybridgensis 	 I Decreasing Decreasing 
Associations with host sex 
There was no significant association between host sex and mixed Eimeria species 
intensity but Eimeria diversity was significantly higher in males than females. Four 
species were more prevalent and one species more intense in males than females. Of 
particular interest was E. bakuensis which was more prevalent in males but had higher 
intensity of infection in females (Table 4.8). 
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Table 4.8 Direction of significant associations of prevalence and intensity of each 
protozoan species with host sex. 
Species Prevalence Intensity 
C'. parvum - NA 
G. duodenalis - Male bias 	(juveniles) 
E. ahsata Male bias - 
E. bakuensjs Male bias Female bias (juveniles) 
E. crandallis - - 
E.faurei - - 
E. granulosa - - 
E. intricala - - 
E. marsica Male bias - 
• ovinoidalis - - 
• pal/ida - - 
E. parva Male bias - 
E. weybridgensis - - 
Associations with year of study 
There was a significant association between year and mixed Eimeria species intensity 
and diversity with higher intensity in lambs and higher diversity in all sheep in 2002. 
In terms of species prevalence changes in response to year of study, almost half 
increased significantly in 2002 before decreasing in 2003. Two species seemed to 
vary positively with host population density, one species increased and two decreased 
each year and three species stayed the same (Table 4.9). 
In terms of changes in intensity across the years, mixed Eimeria species increased in 
2002 before decreasing in 2003 as did overall diversity and two species of Eimeria. 
One species decreased each year and eight species did not significantly change (Table 
4.10). 
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Table 4.9 Direction of significant associations of prevalence of each protozoan 
species with year of study. 
Species 2001-2002 2002-2003 
C. parvum Decrease Increase 
G. duodenalis - - 
• ahsata Increase Decrease 
• bakuensis Increase Decrease 
• crandallis - - 
• faurei Increase Decrease 
• granulosa Decrease Decrease 
• intricata Increase Decrease 
• marsica Decrease Increase 
E. ovinoidalis Decrease Decrease 
E. pal/ida - - 
E. parva Increase Increase 
E. weybridgensis Increase Decrease 
Table 4.10 Direction of significant associations of intensity of each protozoan species 
with year of study. 
Species 2001-2002 2002-2003 
C. parvum NA NA 
G. duodenalis NA Increase 
E. ahsaia Decrease Decrease 
E. bakuensis - - 
E. crandallis Increase Decrease 
E. fàurei - - 
E. granulosa - - 
E. intricata - - 
E. marsica - - 
E. ovinoidalis - - 
E. pal/ida - - 
E.parva - - 
E. weybridgensis Increase Decrease 
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Interactions 
Several species showed particularly high prevalence and/or intensity in different 
demographic groups in different years (Tables 4.11 and 4.12). 
Table 4.11 Nature of significant interactions of prevalence of each protozoan species 
with age, sex and year of study. All are increases. 
Species Age:Sex Age: Year Sex:Year Age:Sex:Year 
C parvum - Juveniles:2001 - - 
G. duodenalis - - - - 
• ahsata - - - - 
• hakuensis - - - - 
• crandallis - - - - 
• jurei - - - - 
• granulosa - - - - 
E. iniricala - - - - 
E. marsica - Juveniles:2003 - - 
E. ovinoidalis - - - - 
E. pal/ida - - - - 
• parva - Juveniles:2003 - - 
• weybridgensis - - - - 
Table 4.12 Nature of significant interactions of intensity of each protozoan species 
with age, sex and year of study. All are increases. 
Species Age:Sex Age:Year Sex:Year Age:Sex:Year 
C. parvum NA NA NA NA 
G. duodenalis Juvenile:Male - - - 
• ah.sala - Juvenile:2001 - - 
• bakuensis Juvenile:Female Juvenile:2002 - - 
• cranda/lis - - - - 
E. jaurei - - - - 
E. granulosa - - - - 
E. intricata - - - - 
E. marsica - - - - 
E. ovinoida/is - - - - 
E. pal/ida - - - - 
E. parva - - - - 




Enteric protozoan parasites are ubiquitous in wild (Duszynski and Upton 2001) and 
domestic (Taylor 2000) mammal populations, often presenting as chronic infections 
which intensify or abate in response to environmental conditions and host 
susceptibility. On St. Kilda, population density and demographic structure are 
significant influences on the epidemiology of protozoan infection. Point prevalence, 
intensity and diversity of thirteen protozoan species within and across years of 
varying population density were tested for associations with host age and sex and 
year. In addition associations between species were tested for. The potential for these 
species to singly or synergistically exert a selective pressure on the Soay sheep 
population will be discussed. 
4.6.1 Associations between protozoan infection and host age 
Susceptibility of the sheep to infection with C parvum, G. duodenalis and mixed 
Eimeria spp. was significantly negatively associated with host age (Table 4.7). It has 
been shown that all three genera of protozoa exhibit a peri-parturient rise in dams 
(Taylor, Catchpole et al. 1993; Xiao, Herd et al. 1994; Ortega-Mora, Reue-Fernandez 
et al. 1999; Faber, Koliman et al. 2002) and this is a likely source of initial infection 
for lambs on St. Kilda. 
Prevalence of C. parvum infection decreased significantly with host age (Tables A4.1 
and A4.2) and this has been found in other unmanaged mammal populations such as 
feral pigs in Western California (Atwill, Sweitzer et al. 1997) and rodents in Poland 
(Bajer, Bednarska et al. 2002) and also in numerous livestock systems (Olson, 
Thorlakson et al. 1997; Majewska, Werner et al. 2000; Huetink, Van der Giessen et al. 
2001). Due to the highly immunogenic nature of C. parvum, acute primary infection 
results in a good level of resistance to any subsequent challenge (Okhuysen, Chappell 
et al. 1998; Chappell, Okhuysen et al. 1999). Although acquired resistance is likely to 
contribute to the negative association of infection with host age, (Ortega-Mora and 
Wright 1994) demonstrated an independent age-related resistance to infection in 
which a significant extension of the pre-patent period and decrease in intensity 
occurred in lambs experiencing their first infection of C parvum with increasing time 
since birth. 
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G. duodenalis is the only protozoan species with an entirely extra-cellular life-cycle in 
the small intestine. Prevalence and intensity decreased significantly with host age 
(Tables A4.4-A4.7) and this association has also been found in wild (Olson and Buret 
2001) and domestic animals (Olson, Thorlakson et al. 1997; Wade, Mohammed et al. 
2000). The decrease in infection levels was probably due to the effect of acquired 
immunity to the protozoan (Faubert 2000). 
Eimeria species diversity decreased significantly with host age (Table A4.54) and all 
species except E. granulosa were significantly more prevalent and intense in juveniles 
(Tables A4.8-A4.53). This general juvenile bias in infection of Eimeria spp. has also 
been observed in badger populations in England (Anwar, Newman et al. 2000; 
Newman, MacDonald et al. 2001) and is well documented in domestic sheep 
throughout the world (O'Callaghan, O'Donoghue et al. 1987; Maingi and Munyua 
1994; Arslan, Umur et al. 1999). Acquired immunity has been shown to cause a 
decrease in infection of various Eimeria species with host age (Chapman 1974; 
Gregory and Catchpole 1989; Yuri, Lillehoj et al. 2000). It is not clear why E. 
granulosa prevalence increased significantly with host age. 
4.6.2 Associations between protozoan infection and host sex 
There was no significant difference in prevalence of C. parvum between the host 
sexes (Table A4.2) and this was similar to findings of a study on wild rodents in Spain 
(Torres, Gracenea et al. 2000). Similarly, there was no significant difference in 
prevalence of G. duodenalis between the host sexes (Table A4.5) but juvenile males 
shed significantly higher levels of cysts (Table A4.7). This is similar to the findings 
of Daniels and Belosevic (1995) who detected a bias in G. muris infection in male 
mice manifested by higher trophozoite intensity, prolonged cyst excretion and a lower 
ability to eliminate trophozoites from the intestine than female mice. 
Diversity of Eimeria species was significantly higher in males (Table A4.54). In 
terms of prevalence, four species were significantly more prevalent in males than 
females. In terms of intensity two species had higher intensity in males. 
Interestingly, E. bakuensis was simultaneously significantly more prevalent in males 
and more intense in females (Table 4.8). This difference might be a statistical artefact 
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or real. If real, the difference must lie in the ability of each sex to control infection 
and may involve host immune response to co-infection with helminths as well as other 
protozoa. 
4.6.3 Associations between protozoan infection and host density 
Host density is considered to be an important factor in dictating host nutritional status 
and rate of transmission of infection (Anderson 1998). In the Soay sheep, prevalence 
and intensity of the protozoan parasites generally decrease with host age but low 
levels of infection still persist in the older age classes. Therefore, when population 
density increases, a persisting reservoir allows recrudescence of infection within the 
population to occur. 
C. parvum seemed to vary positively with population density, both in terms of 
prevalence and intensity (Tables A4.l-A4.3). This finding is similar to that of Atwill, 
Sweitzer et al. (1997) who found that above a certain threshold density of feral pigs, 
infection rates of C. parvum increased dramatically. In the high density year of 2001, 
lambs had significantly higher prevalence than any other age class across the years 
(Table A4.2). In August 2002, following the population crash, intensity levels in all 
cohorts had dropped and prevalence in lambs was 1.6% compared with 34.9% the 
previous year (Table A4. 1). One explanation for the observed results is that in the 
high density year lambs were less well nourished and with high levels of C. parvum 
oocysts in the environment, more susceptible to acquiring a chronic infection which 
was still patent around four months after initial exposure. In 2002, neonates born in 
the wake of the crash would have been in poor condition (Clutton-Brock 2004) and 
would have quickly acquired infection. Despite initial infection, this cohort would 
have experienced a marked improvement in nutrition in the following months so that 
infection acquired soon after birth had probably dissipated by August. This implied 
that hosts experiencing malnutrition, especially lambs, in the high density year were 
more prone to intense infections. Similarly, studies involving human populations 
have also shown that malnutrition contributes significantly to the predisposition of 
infection of the parasite in children (Macfarlane and Homer-Bryce 1987; AlIam, 
Abou-Shousha et al. 2002; Kirkpatrick, Daniels et al. 2002; Gendrel, Treluyer et al. 
2003). 
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In contrast, of the Eimeria species only one; E. marsica seemed to vary positively 
with host population density in terms of prevalence. Five species were at highest 
prevalence in 2002 and seven at lowest prevalence in 2003 (Table 4.9). This was a 
similar trend as for both mixed species intensity (Table A4.53) and diversity (Table 
A4.54). It seemed, therefore, that there was a lag in infection rate following the crash 
in which levels of most Eimeria species peaked and then decreased. This is strikingly 
different to the infection pattern with C. parvum. The different infection patterns of 
the two intra-cellular parasites may reflect the response of the host immune system to 
co-infection. As C. parvum tends to be highly immunogenic and prolific (two auto-
infective stages), high levels of infection in lambs in 2001 may have suppressed levels 
of Eimeria species oocyst shedding either due to immuno-cross-reactivity (Lorenzo, 
Casal et al. 1998) or as a result of the so called "crowding effect" as demonstrated in 
Eimeria infection in chickens where very high levels of infection result in a decrease 
in oocyst output due to a combination of competition between and within species and 
sloughing off of epithelial cells (Brackett and Bliznick 1952; Williams 1973). 
After the epidemic of C. parvum had allayed in 2002, Eimeria species may have taken 
advantage, fulfilling their reproductive potential in the intestines at a time of poor host 
condition and high environmental contamination of oocysts. Also it is possible that 
increased availability of herbage in the months following the crash may have 
promoted Eimeria species proliferation. Abo-Shehada and Muwalla (1989) found 
that in naturally infected sheep fed three different nutritional planes, prevalence of 
some species such as E. bakuensis was significantly higher in higher plane fed 
animals. Also, a pilot study by Pout and Catchpole (1974) indicated that sheep on a 
low plane of nutrition may suffer less clinical coccidiosis than those on a higher 
nutritional plane. 
Regardless of population density, prevalence of G. duodenalis remained at 
comparable levels across the years (Table A4.5). Similarly, Atwill, Sweitzer et al. 
(1997) found that population density was not significantly associated with the 
prevalence of Giardia spp. infection in feral pigs. However, in the Soay sheep, 
intensity of infection was significantly higher in 2003, the higher density year of the 
two tested (2002 and 2003) (Table A4.7). 
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4.6.4 Polyparasitism 
In natural populations mixed protozoan species infections, as opposed to single 
species infections, are the norm and parasites are usually over-dispersed, that is most 
individuals harbour few parasites and a few harbour many. According to Anderson 
(1998) the causes of aggregation are usually due to variation in the susceptibility to 
infection within the host population. On St. Kilda various factors influence 
susceptibility in the sheep such as host age, sex, previous exposure to infection and 
nutritional status. Variation in host condition therefore most probably explains the 
high number of significant positive correlations and associations (Tables 4.6a-c) 
observed between many of the protozoan species. 
Alternatively, it may reflect the fact that concomitant infection tends to enhance 
proliferation of individual species. For instance, Catchpole, Norton et al. (1976) found 
that pure inoculations of four species of Eimeria in lambs produced shorter patent 
infections than when all four species were administered at once. It is, therefore, 
possible that concurrent protozoa infection exerts a synergistic effect. 
4.7 Summary 
13 species of protozoa were identified, increasing the inventory of St. Kilda Soay 
sheep parasite species by 40%. These were C. parvum, G. duodenalis and 11 species 
of Eimeria. 
Prevalence of almost all species of protozoa significantly decreased with host age. 
Intensity of almost all species of protozoa significantly decreased with host age. 
Prevalence of E. granulosa increased with host age. 
There was a juvenile male bias in intensity of infection with G. duodenalis. 
E. bakuensis was simultaneously more prevalent in males and intense in females. 
C. parvum infection varied positively with host population density. 
Mixed Eimeria spp. intensity was highest in 2002, a year of low host density. 
Most species of Eimeria showed a distinct lag in infection rate following a host 
population crash, taking up to two years to decrease. 
Diversity of Eimeria species decreased with host age and was higher in males. 
Many species of protozoa are positively associated in terms of both prevalence and 
intensity. 
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4.8 Appendix to chapter 4 
Introduction 
This appendix accompanies chapter 4. Tables of raw prevalence and intensity data 
with associated GLM and LM analysis results for each species are presented. 
Significant p-values, subject to sequential Bonferroni correction, are highlighted in 
bold. 
Crptosporidium parvum 













2001 34.9 23.6 17.5 20.9 30.11 24.3 
2002 1.6 * 11.1 13.1 7.69 9.5 
2003 10.8 6.4 * 16.5 8.11 13.9 
Table A4.2 Results of a GLM, with binomial error structure, testing for an 
association between age, sex and year and C. parvum prevalence. The final model 
explained 7.27 % of the deviance. 
Term  ADeviance d.f. Pr (Chi) Association 
Accepted Year 28.64 2 0.000 Highest in 2001 
Age 0.03 1 0.85 - 
Age:year 14.27 2 0.001 Highest in juveniles in 2001 
Rejected Sex 0.12 1 0.73 - 
Sex:age 1.86 1 0.17 - 
Sex:year 1.56 2 0.46 - 
Sex:age:year 1.34 12 1 0.51 1 - 
Table A4.3 Mean counts (± 95% Cl) of C. parvum oocysts in sheep from each year 
by host ae and sex. 
August Lambs Yearlings Two year 
olds 
Adults All males All 
females 
2001 50.81±42.21 4.98±4.75 0.75±1.00 3.70±5.86 31.92±36.01 12.02±9.03 
2002 0.02±0.03 * 1.19±1.96 1.49±1.79 1.23±1.59 0.84*1.14 
2003 0.90±1.28 5.53±8.55 * 0.48±0.39 1.01±1.58 2.11±2.78 
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Giardia duodenalis 













2001 37.7 16.7 2.7 1.7 20.2 14.9 
2002 49.0 * 8.0 3.0 39.5 12.0 
2003 46.7 14.2 * 11.8 35.5 23.3 
Table A4.5 Results of a GLM, with binomial error structure, testing for an association 
between age, sex and year and G. duodenalis prevalence. The final model explained 
17.55 % of the deviance. 
Terms  ADeviance d.f. Pr (Chi) Association 
Accepted Age 94.67 1 0.000 Decreasing 
Rejected Sex 0.35 1 0.55 - 
Year 3.97 2 0.14 - 
Age:sex 1.12 1 0.28 - 
Age:year 4.62 2 0.09 - 
Sex:year 0.52 2 0.77 - 
Age:sex:year 1.16 2 0.56 - 
Table A4.6 Mean counts (± 95 CI) of Giardia duodenalis cysts in sheep from each 
year by host age and sex. 
Lambs Yearlings Two year 
olds 
Adults All males All 
females 
2002 6.14±7.62 * 0.08±0.11 0.03±0.04 5.95±8.83 0.54±0.54 
2003 21.15±10.94 0.37±0.40 * 0.18±0.14 14.22±11.19 6.73±4.69 
Table A4.7 Results of a GLM, with negative binomial error structure, testing for an 
association between host age, sex and year and G. duodenalis intensity. Only 
intensity data for 2002 and 2003 was used. The final model explained 46.09 % of the 
deviance. 
Terms  ADeviance d. f. Pr (Chi) Association 
Accepted Age 56.30 1 0.000 Decreasing 
Sex 3.14 1 0.076 - 
Year 24.15 1 0.000 Higher in 2003 
Age:sex 51.48 1 0.000 Higher in juvenile males 
Rejected Age:year 0.76 1 0.383 - 
Sex:year 2.20 1 0.137 - 
Age:sex:year 2.97 1 0.085 - 
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Eimena ahsata 













2001 92.9 34.2 9.1 21.4 55.0 47.6 
2002 84.0 * 24.0 11.9 66.7 28.0 
2003 41.4 17.1 * 3.3 35.0 15.2 
Table A4.9 Results of a GLM, with binomial error structure, testing for an 
association between age, sex and year and E. ahsaia prevalence. The final model 
explained 27.50 % of the deviance. 
Terms  ADeviance d. f. Pr (Chi) Association 
Accepted Age 94.24 1 0.000 Decreasing 
Sex 16.79 1 0.000 Higher in males 
Year 45.79 2 0.000 Lowest in 2003 
Rejected Age:sex 0.00 1 0.96 - 
Age:year 1 	1.45 	1 2 	1 0.48 1 - 
Sex:year 1 3.72 1 2 1 0.15 1 - 
Age:sex:year 1 3.78 	12 1 0.15 1 	- 
Table A4.10 Mean counts (± 95% CI) of E. ahsata oocysts in sheep from each year 
by host ate and sex. 
August Lambs Yearlings Two year olds Adults All males All females 
2001 2005 ±830 64 ±39 3±4 30±36 602 ±275 955 ±573 
2002 1034±952 * 15±15 41±35 279±121 492±556 
2003 120±47 16±18 * 6±9 71 ±34 55±32 
Table A4.11 Results of a LM testing for an association between age, sex and year 
and log transformed K ahsata counts (excluding zero counts). The final model 
explained 43.82 % of the variance. 
Terms  Sum of sq d. f. Pr (Chi) Association 
Accepted Age 106.88 1 0.000 Decreasing 
Sex 8.65 1 0.003 Higher counts in females 
Year 37.26 2 0.000 Lowest in 2003 
Age:year 19.27 2 0.000 Highest in juveniles in 2001 
Rejected Age:sex 3.35 1 0.067 - 
Sex:year 0.59 2 0.742 - 
Age:sex:year 5.47 2 0.065 - 
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2001 91.1 31.6 22.7 25.0 56.7 48.8 
2002 100 * 40.0 23.9 80.9 42.0 
2003 95.7 37.1 * 11.7 70.0 42.9 
Table A4.13 Results of a GLM, with binomial error structure, testing for an 
association between age, sex and year and E. bakuensis prevalence. The final model 
explained 33.74 % of the deviance. 
Terms  ADeviance d.f. Pr (Chi) Association 
Accepted Age 154.72 1 0.000 Decreasing 
Sex 17.71 1 0.000 Higher in males 
Year 23.40 2 0.000 Highest in 2002 
Rejected Age:sex 2.23 1 0.135 - 
Age:year 1.09 2 0.578 - 
Sex:year 3.15 2 0.207 - 
Age:sex:year 0.42 2 0.810 - 
Table A4.14 Mean counts (± 95% CI) of E. bakuensis oocysts in sheep from each 
year by host ae and sex. 
August Lambs Yearlings Two year 
olds 
Adults All males All 
females 
2001 3033±1084 155 ±194 79±109 65 ±56 1569±975 967±407 
2002 4635±1698 * 159±257 462±768 2580±1284 1779±1043 
2003 3277±1158 50 ±43 * 12 ±12 2107±1391 1196 ±471 
Table A4.15 Results of a LM testing for an association between age, sex and year 
and log transformed E. bakuensis counts (excluding zero counts). The final model 
explained 46.23 % of the variance. 
Terms  Sum of Sq d.f. Pr (Chi) Association 
Accepted Age 312.37 1 0.000 Decreasing 
Year 10.73 2 0.004 Highest in 2002 
Sex 0.32 1 0.56 - 
Age:sex 26.13 1 0.000 Higher in juvenile females 
Age:year 12.66 2 0.001 Higher in juveniles in 2002 
Rejected Sex:year 0.54 2 0.762 - 
Age:sex:year 0.18 2 0.915 - 
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2001 98.2 86.8 50.0 57.1 86.7 75.0 
2002 100 * 68.0 47.8 90.5 61.0 
2003 95.7 60.0 * 35.0 78.3 59.0 
Table A4.17 Results of a GLM, with binomial error structure, testing for an 
association between age, sex and year and E. crandallis prevalence. The final model 
explained 22.08 % of the deviance. 
Terms  ADeviance d.f. Pr (Chi) Association 
Accepted Age 93.87 1 0.000 Decreasing 
Year 9.93 2 0.006 Lowest in 2003 
Rejected Sex 1.04 1 0.306 - 
Age:sex 0.21 1 0.643 - 
Age:year 0.66 2 0.719 - 
Sex:year 0.42 2 0.811 - 
Age:sex:year 2.15 2 0.340 - 
Table A4.18 Mean counts (± 95% CI) of E. crandallis oocysts in sheep from each 
year by host ae and sex. 
August Lambs Yearlings Two year 
olds 
Adults All males All females 
2001 2046±1095 302±129 69±68 106+70 748±284 994 ±737 
2002 5422±6942 * 210 ±211 191±106 1421±616 2623±4014 
2003 1693 ±420 121 ±53 * 40±20 1009±427 716±273 
Table A4.19 Results of a LM testing for an association between age, sex and year and 
log transformed E. crandallis counts (excluding zero counts). The final model 
explained 43.82 % of the variance. 
Terms  Sum of sq d. f. Pr (Chi) Association 
Accepted Age 316.76 1 0.000 Decreasing 
Sex 4.53 1 0.033 Higher in females 
Year 23.66 2 0.000 Lowest in 2003 
Rejected Age:sex 1.34 1 0.249 - 
Age:year 532 2 0.070 - 
Sex:year 1.02 2 0.060 - 
Age:sex:year 1.68 2 0.431 - 
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2001 48.2 13.1 0 3.6 28.3 19.0 
2002 48.0 * 20.0 3.0 28.6 19.0 
2003 14.3 2.8 * 0 8.3 5.7 
Table A4.21 Results of a GLM, with binomial error structure, testing for an 
association between age, sex and year and E. laurel prevalence. The final model 
explained 24.00 % of the deviance. 
Terms  ADeviance d. f. Pr (Chi) Association 
Accepted Age 60.98 1 0.000 Decreasing 
Year 31.49 2 0.000 Lowest in 2003 
Rejected Sex 2.49 1 0.114 - 
Age:sex 1.22 1 0.269 - 
Age:year 3.15 2 0.207 - 
Sex:year 2.59 2 0.273 - 
Age:sex:year 6.00 2 0.049 - 
Table A4.22 Mean counts (± 95% Cl) of E. Jáurei oocysts in sheep from each year 
by host ae and sex. 
August Lambs Yearlings Two year olds Adults All males All females 
2001 233±128 15±16 0 1±1 161±116 43±26 
2002 342±95 * 11 ±11 1±1 47±32 178±240 
2003 88±103 1±1 * 0 87±127 14±14 
Table A4.23 Results of a LM testing for an association between age, sex and age and 
log transformed E. faurei counts (excluding zero counts). Note that the three way 
interaction was not tested in this model as it prevented the model from working. The 
final model explained 27.89 % of the deviance. 
Terms  Sum of sq d. f. Pr (Chi) Association 
Accepted Age 33.30 1 0.000 Decreasing 
Rejected Sex 0.01 1 0.92 - 
Year 0.13 2 0.93 - 
Age:sex 0.01 1 0.92 - 
Age:year 1.63 2 0.44 - 
Sex:year 5.36 2 0.07 - 
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2001 7.1 50 36.4 39.3 28.3 29.8 
2002 6.0 * 60.0 35.8 16.7 35.0 
2003 2.9 17.1 * 20.0 10.0 13.3 
Table A4.25 Results of a GLM, with binomial error structure, testing for an 
association between age, sex and year and E. granulosa prevalence. The final model 
explained 13.3 % of the deviance. 
Terms  ADeviance d. f. Pr (Chi) Association 
Accepted Age 42.56 1 0.000 Increasing 
Sex 3.66 1 0.05 5 Higher in females 
Year 17.14 2 0.000 Lowest in 2003 
Rejected Age:sex 2.41 1 0.120 - 
Age:year 0.07 2 0.963 - 
Sex:year 1.72 2 0.423 - 
Age:sex:year 5.57 2 0.062 - 
Table A4.26 Mean counts (± 95% CI) of E. granulosa oocysts in sheep from each 
year by host age and sex. 
August Lambs Yearlings Two year olds Adults All males All females 
2001 41±47 101±56 80±82 94±55 54±37 88±41 
2002 63 ±113 * 142±103 174±132 45 ±50 162±105 
2003 7±9 37±30 * 29 ±21 25 ±21 18 ±12 
Table A4.27 Results of a LM testing for an association between age, sex and year 
and log transformed E. granulosa counts (excluding zero counts). The final model 
explained 0.06 % of the variance. 
Terms  Sum of sq d. f. Pr (Chi) Association 
Accepted Age 3.47 1 0.06 - 
Sex 1.73 1 0.19 - 
Year 0.72 2 0.70 - 
Sex:year 6.63 2 0.03 Highest in females in 2002  
Age: ex 1.69 1 0.19 - 
Age:year 0.48 2 0.78 - 
Age:sex:year 2.35 1 2 0.31 - 
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2001 42.9 5.3 9.1 3.6 21.7 19.0 
2002 72.0 * 16.0 1.5 52.4 19.0 
2003 31.4 2.8 * 1.7 20 11.4 
Table A4.29 Results of a GLM, with binomial error structure, testing for an 
association between age, sex and year and E. iniricala prevalence. The final model 
explained 28.24 % of the deviance. 
Terms  ADeviance d.f. Pr (Chi) Association 
Accepted Age 97.59 1 0.000 Decreasing 
Year 29.80 2 0.000 Highest in 2002 
Rejected Sex 0.00 1 0.997 - 
Age:sex 0.00 1 0.944 - 
Age:year 0.07 2 0.964 - 
Sex:year 0.55 2 0.759 - 
Age:sex:year 1.48 2 0.476 - 
Table A4.30 Mean counts (± 95% Cl) of E. intricata oocysts in sheep from each 
year by host aae and sex. 
August Lambs Yearlings Two year olds Adults All males All females 
2001 605±423 8±15 5±8 1±1 324±355 167±128 
2002 441 ±200 * 34±52 2±4 309 ±213 118±75 
2003 187 ±110 1±3 * 1±2 89 ±61 86 ±76 
Table A4.31 Results of a LM testing for an association between age, sex and year 
and log transformed E. intricata counts (excluding zero counts). The final model 
explained 25.71 % of the variance. 
Terms  Sum of sq d. f. Pr (Chi) Association 
Accepted Age 42.79 1 0.000 Decreasing 
Rejected Sex 0.70 1 0.401 - 
Year 1.87 2 0.393 - 
Age:sex 1.39 l 0.234 - 
Age:year 2.59 2 0.272 1 	- 




Table A4.32 Prevalence (%) of E. marsica infection for each year by host age and 
sex. 








2001 48.2 31.6 13.6 3.6 40.0 22.6 
2002 50.0 * 8.0 11.9 40.5 18.0 
2003 54.3 11.4 * 0 36.7 19.0 
Table A4.33 Results of a GLM, with binomial error structure, testing for an 
association between age, sex and year and E. marsica prevalence. The final model 
explained 19.87 % of the deviance. 
Terms  ADeviance d. f. Pr (Chi) Association 
Accepted Age 68.79 1 0.000 Decreasing 
Sex 14.57 1 0.000 Higher in males 
Year 2.29 2 0.317 - 
Age:year 14.71 2 0.000 Highest in juveniles 
in 2003 
Rejected Age:sex 0.35 1 0.552 - 
Sex:year 0.22 2 0.894 - 
Age:sex:year 3.72 2 0.155 - 
Table A4.34 Mean counts (± 95% Cl) of E. marsica oocysts in sheep from each year 
by host age and sex. 
August Lambs Yearlings Two year olds Adults All males All females 
2001 203±119 51±42 7±9 0 116±90 74±53 
2002 116 ±43 * 6±10 25 ±22 80±39 46 ±25 
2003 276±105 21±22 * 0 189±106 100±57 
Table A4.35 Results of a LM testing for an association between age, sex and year and 
log transformed E. marsica counts (excluding zero counts). The final model explained 
26.47 % of the variance. 
Year Terms Sum of sq d. f. Pr (Chi) Association 
Accepted Age 25.07 1 0.000 Decreasing 
Year 10.62 2 0.004 Highest in 2003 
Age:year 7.75 2 0.02 Highest in juveniles in 2003 
Rejected Sex 0.74 1 0.39 - 
Age:sex 0.23 1 0.63 - 
Sex:year 0.34 2 0.84 - 
Age:sex:year 1.21 2 0.54 - 
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2001 35.7 18.4 4.5 7.1 28.3 15.5 
2002 36.0 * 4.0 1.5 14.3 14.0 
2003 8.6 2.8 * 1.7 8.3 2.9 
Table A4.37 Results of a GLM, with binomial error structure, testing for an 
association between age, sex and year and E. ovinoidalis prevalence. The final model 
explained 19.79 % of the deviance. 
Terms  ADeviance d. f. Pr (Chi) Association 
Accepted Age 34.79 1 0.000 Decreasing 
Sex 3.39 1 0.06 - 
Year 21.76 2 0.000 Lowest in 2003 
Sex:year 7.04 2 0.03 Highest in males in 2001 
Rejected Age:sex 0.16 1 0.69 - 
Age:year 3.83 2 0.15 - 
Age:sex:year 3.75 2 0.15 - 
Table A4.38 Mean counts (± 95% Cl) of E. ovinoidalis oocysts in sheep from each 
year by host age and sex. 
August Lambs Yearlings Two year olds Adults All males All females 
2001 113±68 24 ±17 14 ±28 4±5 72±47 37 ±33 
2002 113 ±66 * 6 ±13 1 ±2 69 ±75 35 ±19 
2003 37±36 3±5 * 2±4 32 ±40 10±13 
Table A4.39 Results of a LM testing for an association between age, sex and year 
and log transformed E. ovinoidalis counts (excluding zero counts). The final model 
explained 13.43 % of the variance. 
Terms  Sum of sq d. f. Pr (Chi) Association 
Accepted Age 6.21 1 0.01 Decreasing 
Rejected Sex 0.45 1 0.50 - 
Year 1.73 2 0.42 - 
Age:sex 0.08 1 0.78 - 
Age:year 0.44 2 0.80 - 
Sex:year 1.73 2 - 


















2001 32.1 31.6 9.1 0 28.3 17.9 
2002 16.0 * 12.0 1.5 16.7 5.0 
2003 24.3 25.7 * 3.3 23.3 13.3 
Table A4.41 Results of a GLM, with binomial error structure, testing for an 
association between age, sex and year and E. pal/ida prevalence. The final model 
explained 9.5 % of the deviance. 
Terms  ADeviance d.f. Pr (Chi) Association 
Accepted Age 30.75 1 0.000 Decreasing 
Year 6.26 2 0.04 Highest in 2001 
Rejected Sex 2.22 1 0.136 - 
Age:sex 3.22 1 0.072 - 
Age:year 0.70 2 0.704 1 	- 
Sex:year 0.13 2 0.938 - 
Age:sex:year 0.68 2 0.710 - 
Table A4.42 Mean counts (± 95% CI) of E. pal/ida oocysts in sheep from each year 
by host age and sex. 
August Lambs Yearlings Two year olds Adults All males All females 
2001 308 ±208 83±66 10±19 1 ±1 111 ±75 162±134 
2002 346±315 * 4±6 1±2 298±352 60±79 
2003 534±443 62±55 * 2±3 364±359 202±256 
Table A4.43 Results of a LM testing for an association between age, sex and year 
and log transformed E. pallida counts (excluding zero counts). The final model 
explained 35.76 % of the variance. 
Terms  Sum of sq d. f. Pr (Chi) Association 
Accepted Age 72.07 1 0.000 Decreasing 
Rejected Sex 0.35 1 0.555 - 
Year 5.04 2 0.080 - 
Age:sex 1.19 1 0.275 - 
Age:year 2.29 2 0.317 - 
Sex:year 4.74 2 0.093 - 
Age:sex:year 6.81 2 0.033 - 
133 
Eimeria parva 













2001 78.6 31.6 18.2 0 50.0 35.7 
2002 76.0 * 52.0 29.9 71.4 41.0 
2003 87.1 68.6 * 20.0 71.7 51.4 
Table A4.45 Results of a GLM, with binomial error structure, testing for an 
association between age, sex and year and E. parva prevalence. The final model 
explained 27.08 % of the deviance. 
Terms  ADeviance d.f. Pr (Chi) Association 
Accepted Age 101.47 1 0.000 Decreasing 
Sex 15.04 1 0.000 Higher in males 
Year 27.21 2 0.000 Highest in 2003 
Age:year 15.02 2 0.000 Highest in juveniles in 2003 
Rejected Age:sex 2.85 1 0.090 - 
Sex:year 0.45 2 0.799 - 
Age:sex:year 0.25 2 0.883 - 
Table A4.46 Mean counts (± 95% Cl) of E. parva oocysts in sheep from each year 
by host age and sex. 
August Lambs Yearlings Two year olds Adults All males All females 
2001 916±538 50±34 25±34 0 512±436 258+194 
2002 857±514 * 36±21 55 ±35 466±208 317 ±295 
2003 1077+263 182±69 * 26±23 658+256 484±177 
Table A4.47 Results of a LM testing for an association between age, sex and year 
and log transformed E. parva counts (excluding zero counts). The final model 
explained 30.52 % of the variance. 
Terms  Sum of sq d. f. Pr (Chi) Association 
Accepted Age 147.18 1 0.000 Decreasing 
Year 11 .49 2 0.003 Highest in 2003 
Rejected Sex 1.00 1 0.315 - 
Age:sex 0.00 1 0.953 - 
Age:year 3.89 2 0.142 - 
_ Sex:year 1.76 2 0.415 - 
________
_____ 
Age:sex:year 0.34 2 0.841 - 
134 
Eimeria weybndgensis 














2001 96.4 73.7 45.5 46.4 81.7 66.7 
2002 94.0 * 60.0 44.8 85.7 56.0 
2003 91.4 57.1 * 28.3 71.7 55.2 
Table A4.49 Results of a GLM, with binomial error structure, testing for an 
association between age, sex and year and E. weybridgensis prevalence. The final 
model explained 18.69 % of the deviance. 
Terms  ADeviance df. Pr (Chi) Association 
Accepted Age 87.75 1 0.000 Decreasing 
Year 8.03 2 0.018 Lowest in 2003 
Rejected Sex 0.79 1 0.373 - 
Age:sex 0.03 1 0.858 - 
Age:year 0.42 2 0.812 - 
Sex;year 0.33 2 0.848 - 
Age:sex:year 0.89 2 0.641 - 
Table A4.50 Mean counts (± 95% CI) of E. weybridgensis oocysts in sheep from 
each year by host age and sex. 
August Lambs Yearlings Two year olds Adults All males All females 
2001 1120±390 255 ±132 69±56 84±66 723 ±362 373 ±591 
2002 1875 ±743 * 113 ±75 142 ±64 1012 ±430 720±434 
2003 971±233 142±65 * 32±23 689±254 376±139 
Table A4.51 Results of a LM testing for an association between age, sex and year 
and log transformed E. weybridgensis counts (excluding zero counts). The final model 
explained 39.95 % of the variance. 
Terms Sum dii Pr (Chi) 
of sq  
Association 
Accepted Age 227.40 1 0.000 Decreasing 
Year 17.92 2 0.000 Lowest in 2003 
Rejected Sex 0.60 1 0.437 - 
Age:sex 0.49 1 0.484 - 
Age:year 0.50 2 0.777 - 
Sex:year 0.68 2 0.711 - 
Age:sex:year 1 	5.38 2 0.067 	1 - 
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Mixed Eimeria 
Table A4.52 Mean intensity (± 95% Cl) of mixed Eimeria spp. for each year by host 
age and sex. 
Lambs Yearlings Two year 
olds 
Adults All males All 
females 
2001 10621+3168 1108+438 359±266 385±143 4991±2057 4086±1992 
2002 15245±9782 * 1 738±562 1094±1009 1 6606±2300 1 6531±5810 
2003 8267±1894 637±179 1 	* 149±53 1 5321±2356 1 3258±1000 
Table A4.53 Results of GLM with negative binomial error structure testing for an 
association between age, sex and year and mixed Ei,neria spp. counts. The final 
model explained 42.50 % of the deviance. 
Terms  ADeviance d.f. Pr (Chi) Association 
Accepted Age 315.76 1 0.000 Decreasing 
Year 60.88 1 0.000 Highest in 2002 
Age:year 12.51 2 0.001 Highest in lambs in 2002 
Rejected Sex 2.16 1 0.142 - 
Age:sex 0.18 1 0.668 - 
Sex:year 3.22 2 0.199 - 
Age:sex:year 1.49 2 0.472 - 
Eimena diversity 
Table A4.54 Results of a LM, testing for an association between age, sex and year 
and Eimeria species diversity using raw Shannon-Weiner index values. The final 
model explained 35.33 % of the variance. 
Terms F 
value 
di Pr (F) Association 
Accepted Age 153.99 1 0.000 Decreasing 
Sex 40.26 1 0.000 Higher in males 
Year 7.77 2 0.0005 Highest in 2002 and lowest in 
 2003 
Rejected Age:sex 2.58 1 0.108 - 
Age:year 0.27 2 0.764 - 
Sex:year 0.15 2 0.860 - 
Age:sex:year 0.43 2 	1 0.431 1 	- 
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Chapter 5 
Component Parasite Population: Co-infection in Soay Sheep 2001-2003 
5.1 	Introduction 
A component population of parasites is defined by Bush, Lafferty et al. (1997) as all 
parasites of all species infecting all hosts of a given population. In the St. Kilda Soay 
sheep it has been shown that twelve species of nematode, two species of cestode, two 
species of arthropod and thirteen species of protozoa make up the component 
community (Wilson, Grenfell et al. 2004). In order to understand the host-parasite 
relationship fully, an understanding of the potential interactions between parasite 
species and the relationship between parasite species intensities and diversity and the 
host is essential. 
In this chapter, where data is available, associations between helminth, protozoa and 
arthropod parasite species in living hosts, and associations between parasite species 
intensities and diversity and host fitness across three years of varying population 
density, will be explored. Drawing on the epidemiology of the parasite species in the 
population, the main focus is on discovering whether information about prevalence 
and intensity of multiple parasite species as opposed to single measures, like strongyle 
egg count, enhances our ability to explain variation in host weight and survival. By 
combining all the data available for metazoan and protozoan parasites it is also 
possible to test various measures of mixed parasitism with host fitness traits. This can 
be done by using a simple count of the number of species in each host or by using 
diversity indexes which take into account not only the number of species but the 
proportions of the species or their taxonomic distinctness. 
The objectives of this chapter are: 
To investigate associations between prevalence and/or intensity of helminth egg 
types in faecal samples and the ked, Melophagus ovinus and host age and sex and 
sampling year in living hosts. 
To investigate associations between prevalence of helminth, protozoa and Al 
ovinus parasites in living hosts. 
To investigate associations between intensity of helminth eggs, Eimeria oocysts 
and Al. ovinus from living hosts. 
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To explore whether the taxonomic diversity and intensity of species in living hosts 
is associated with host weight in the Augusts of 2001-2003. 
To examine whether the taxonomic diversity and intensity of parasite species was 
associated with host survival between the Augusts of 2001 and 2002, a period 
spanning a host population crash. 
5.2 	Data and analysis 
Sample sets 
The analysis of helminth, protozoa and M ovinus parasites in living animals is based 
on data collected from the same animals described in Chapter 4. That is. all data is for 
animals caught alive in August each year of the study. Sample sizes may be smaller 
in some instances as only animals for which all measures of parasitism were available 
were used (Table 5.1). 
Table 5.1 Sample sizes of hosts for which measures of helminth, protozoa and M 
ovinus infestation were available. 
Lambs Yearlings Two year olds Adults Total 
2001 males 24 18 10 2 54 
2001 females 29 13 11 28 81 
2002 males 3 * * 2 5 
2002 females 6 * * 39 45 
2003 males 29 19 * 5 53 
2003 females 37 15 * 36 88 
In living hosts, intensity of M ovinus was based on a one minute search of the 
underbelly of each sheep conducted by various members of the catch team (see 
Chapter 2). The underbelly was defined by the area of white wool in wild type sheep, 
with an equivalent area searched in the much rarer self coloured sheep. Indirect 
measures of the gastrointestinal helminth and Eimeria species infection were obtained 
from McMaster slide counts of ova per gram of faeces mostly conducted by Mrs. Jill 
Pilkington (see Chapter 2). These counts can distinguish strongyle type egg 
(encompassing Teladorsagia spp.. Trichostrongylus spp., Bunostomum 
trigonocephalum, Chabertia ovina, and Strongyloides papillosus). Nematodirus spp. 
(encompassing N. battus and N. Jilicollis), Capillaria longipes and Trichuris ovis and 
138 
give a qualitative estimate of Moniezia expansa (Fig. Al.! from Appendix 
1 :Taxonomy). Mixed Eimeria species oocyst counts were later differentiated and 
quantified to species level (Fig. Al. I  2a-k and Chapter 4). 
Prevalence and intensity results 
Tables of prevalence, intensity and diversity and associated GLM results for parasite 
species are presented in the appendix to this chapter (section 5.7). Where prevalence 
was tested for associations with host age, sex and year of sampling, a GLM with 
binomial error structure was used with presence/absence of the species or species 
group as the response variable. 
Intensity of M ovinus and strongyle egg type were best described by the negative 
binomial distribution as demonstrated using the qqplot function in S-plus (Crawley 
2003). Therefore, counts were tested with the aforementioned explanatory variables 
using a GLM with negative binomial error structure. So few observations of 
Nematodirus spp., Capillaria longipes and Trichuris ovis eggs were made that tests 
involving associations with their prevalence or intensity were attempted only where 
appropriate. Illustrative figures and summarised descriptions of these results are 
presented in this chapter. 
Associations between parasite taxa 
As far as possible, associations between the different taxa were tested for. First Chi 2 
(or Fisher's exact) and Spearman's rank correlation tests were applied to all possible 
pairings of parasite taxa not previously tested. Subsequently associations of 
prevalence were tested for using a GLM with binomial error structure with 
presence/absence of M. ovinus and each helminth egg type in turn as the response 
variable and host age, sex and sampling year plus all other species as explanatory 
variables excluding the interactions. 
Associations with fitness traits 
GLM analyses were applied to test for associations between parasite intensities and 
diversity with host fitness traits measured as August weight for the three years of the 
study and population crash survival in 2001-2. Associations of host fitness were 
tested with intensities of each helminth egg type, namely strongyle egg, Nematodirus 
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spp.. C. apil1aria longipes and Trichuris ovis plus mixed Eimeria species, C. parvum 
and M ovinus alongside host age, sex and year of sampling as explanatory variables 
and with either host weight or survival as response variables 
Similarly, parasite diversity was tested for associations with host weight and survival 
using four measures of mixed parasitism for living hosts in the Augusts of 2001-2003. 
These, calculated for each host, were i) a count of the total number of species ii) 
Shannon-Weiner diversity index values for Eimeria species (see Chapter 4) iii) 
Shannon-Weiner diversity index values for helminth egg types and iv) Clarke and 
Warwick's taxonomic distinctness index values described below. Where the Shannon-
Weiner index combines the measures of the number of species and their intensities, 
Clarke and Warwick's index can be used where only prevalence data is available and 
also gives an indication of how taxonomically distinct the species are. 
Clarke and Warwick's taxonomic distinctness index 
According to Pielou (1975) a community of a given number of species represented by 
several genera and from several families would be more diverse than if the species 
were congeneric and confamilial. Clarke and Warwick (1998) have devised an index 
which takes into account relatedness of species in a community by describing the 
taxonomic path length between two randomly chosen species (i and j) based on 
Linriean taxonomy (Magurran 2004b). In this chapter Clarke and Warwick's 
taxonomic distinctness index is used for the presence/absence of all species recorded 
from living hosts 2001-2003. 
= 	th ij ]/[s(s- 1)12] 
Where 
S = number of species in the study 
= the taxonomic path length between species i and j 
The phylogenetic scheme given in Table 5.2 was used in the calculations of 
taxonomic distinctness of parasite species found in each host. A weighting of I was 
used for each step in the hierarchy until a common taxonomic level was met. Fig. 5.1 
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illustrates how two sheep each with ten species of parasite can have very different 
taxonomic distinctness indices. 
Table 5.2 Taxonomic relatedness of all parasite species used in the taxonomic 
distinctness index calculations. Since species identification was impossible within the 
strongyle and Nemalodirus groups, they were treated as species. 
Kingdom Phylum Class Order Family Genus 	Species 
Animalia Protozoa Conoidasida Eucoccidiorida Cryptosporidiidae Crvptosporidium parvu,n 
Animaija protozoa Conoidasida Eucoccidiorida Eimeriidae Eimeria ahsaia 
Animalia Protozoa Conoidasida Eucoccidiorida Eimeriidae Eimeria bakuensis 
Animal ia Protozoa Conoidasida Eucoccidiorida E imeri idae Eimeria crandal/is 
Animalia Protozoa Conoidasida Eucoccidiorida Eimeriidae Eirneria Jàurei 
Animal ia Protozoa Conoidasida Eucocc id iorida Eimeriidae Eimeria granulosa 
Animal ia Protozoa Conoidasida Eucoccidiorida Eimeriidae Eimeria iniricala 
Animalia Protozoa Conoidasida Eucoccidiorida Eimeriidae Eimeria marsica 
Animal ia Protozoa Conoidasida Eucoccid iorida Eimeri idae Eimeria ovinoida/is 
Ani malia Protozoa Conoidasida Eucoccidiorida Eimeri idae Eimeria pal/ida 
Animalia Protozoa Conoidasida Eucoccidiorida Eimeri idae Eimeria parva 
Animalia Protozoa Conoidasida Eucoccidiorida Eimeriidae Eimeria weybridgensis 
Animal ia Protozoa Diplomonadea Dipomonad ida Hexam itidae Giardia duodenalis 
Animal ia Nernatheim inthes Nematoda Strongyloidea Trichostrongyl idae Strongyle type * 
Animalia Nemathelm inthes Nematoda Strongyloidea Trichostrongy! idae Nemazodirus type* 
Animalia Nematheim inthes Nematoda Trich inelloidea Trichuridae Trichuris ovis 
Animalia Nemathelminthes Nematoda Trichinelloidea Capillaridae ('api//aria longipes 
An irnalia Platyhelm inthes Cestoda Cestoidea Anoplocephal idae Monie:ia expansa 
An imalia Arthropoda Insecta Diptera H ippoboscidae Me/ophagus ovinus 








E CpS N A'Ie Mo 	E Gd S 
Fig 5.1 Taxonomic distinctness indices for sheep 1 and 2 were a) 4.47 and b) 2.71. 
The figure illustrates how two sheep with the same number of parasite species can 
have differing taxonomic diversity. Species abbreviations are Cp=C. parvum, 
EEimeria spp., Gd=G.duodenalis, Me=Mexpansa, MoM ovinus, N=Nemaiodirus 
spp and Sr=  Strongyle egg type. 
141 
Sequential Bonferroni correction 
As described in Chapters 3, all suites of statistical tests were subject to sequential 
Bonferroni correction (Rice 1989). These were i) All prevalence and intensity models 
(6 tests) giving a threshold value of p0.05 ii) All Spearman's rank and Chi 2 
correlation tests (375 tests) giving a threshold value of p0.0001 iii) All GLMs 
subsequently used to confirm significant correlations (16 tests) giving a threshold 
value of p0.003 and iv) All GLMs testing associations between parasite intensities 
and diversity and host fitness traits (10 tests) giving a threshold value of p0.01. In 
tables of results significant values after sequential Bonferroni correction are 
highlighted in bold. 
5.3 Epidemiology of metazoan parasites in living hosts 
Introduction 
In this section, the prevalence and intensity of the sheep ked M ovinus (Fig Al.13) 
and helminth egg types (Fig. Al.1) in living hosts in the Augusts of 2001-2003 are 
presented. For each parasite species or type, the explanatory variables host age, host 
sex and year are tested as far as possible. Significant results only are reported. For 
ease of reading, tables of prevalence, intensity and GLM results are presented in the 
appendix for this chapter (section 5.7). In all intensity tables, 95% confidence 
intervals for mean counts were calculated as detailed in Chapter 3. 
Melophaqus ovinus 
Prevalence data is shown in Table A5.1 and illustrated in Fig. 5.2 and 5.3. Statistical 
tests of prevalence are shown in Table A5.2. Prevalence of M. ovinus was 
significantly higher in lambs (p<O.00l), especially male lambs (p<0.05). M. ovinus 
counts were aggregated in the population (Fig. 5.4). Intensity data is shown in Table 
A5.3 and illustrated in Fig. 5.5 and 5.6. Statistical tests of intensity are shown in 
Table A5.4. Intensity of infection was significantly higher in lambs (p<O.00I) 
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Fig. 5.5 Mean count of Al. ovinus on underbellies of sheep by host age and by year. 
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Fig. 5.6 Mean count of M ovinus on underbellies of sheep by host sex and by year. 
Strongyle go type 
Prevalence data is shown in Table A5.5 and illustrated in Fig. 5.7 and 5.8. Statistical 
tests of prevalence are shown in Table A5.6. Prevalence of strongyle type eggs was 
significantly higher in lambs and in males (p<0.005). Strongyle type egg counts were 
aggregated in the population (Fig. 5.9). Intensity data is shown in Table A5.7 and 
illustrated in Fig. 5.10 and 5.11. Statistical tests of intensity are shown in Table A5.8. 
Intensity of strongyle type eggs were significantly higher in lambs (p<O.00l). There 
was also a significant interaction of age and year with lambs especially prone to high 
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Fig. 5.10 Mean counts of strongyle type eggs by host age and by year. 
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Fig. 5.11 Mean counts of strongyle type eggs by host sex and by year. 
Nematodirus 
Prevalence data is shown in Table A5.9 and illustrated in Fig. 5.12 and 5.13. 
Statistical tests of prevalence are shown in Table A5. 10. Prevalence of Nematodirus 
spp. eggs was significantly higher in lambs (p<O.00I)  and in males (p<O.00S). 
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data is shown in Table A5.1 1 and illustrated in Fig. 5.15 and 5.16. Due to a lack of 
Nemalodirus eggs in non-lamb samples, analysis of intensity was only applied to 
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Fig. 5.12 Prevalence of Nematodirus spp. eggs by host age and by year. 









e _J ------ 	 - 
I 	 I 	 I 	 I 	 I 
0 200 400 	600 	800 1000 1200 	1400 
Nematodirus.spp 
Fig. 5.14 Frequency distribution of Nemarodirus spp. egg counts 2001-2003. 
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Fig. 5.16 Mean counts of Nematodirus spp. eggs by host sex and year. 
Moniezia expansa 
Prevalence data is shown in Table A5.12 and illustrated in Fig. 5.17 and 5.18. 
Statistical tests of prevalence are shown in Table A5.13. Prevalence of M expansa 
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Fig. 5.18 Prevalence of Moniezia expansa eggs by host sex and year. 
Cap/I/aria Ion gipes and Trichuris ovis 
Fig. 5.19 and Tables A5.14-A5.17 show that most hosts examined in 2001-3 had no 
C longipes or T. ovis eggs in their faeces. For this reason no associations with host 
age sex or sampling year were tested for. 
8 8 
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Thd.smo 
Fig. 5.19 Frequency distributions of C longipes and T ovis eggs 2001-2003 
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5.4 Associations 
5.4.1 Metazoan and protozoan parasites 
In Chapters 3 and 4, associations between helminth species recovered by necropsy 
and protozoan species recovered from faecal samples were respectively investigated. 
In this section associations between Al. ovinus and helminth egg types and protozoa 
are tested for. Firstly. Chi 2 tests of prevalence were used for each year (Tables 5.3a, 
5.4a, 5.5a) and then Spearman's rank tests were used to test associations of intensity 
for which a count of ova per gram of faeces was obtained (Tables 5.3b, 5.4b, 5.5b). 
Significant results after sequential Bonferroni correction were pO.00Ol and are 
highlighted in bold. 
In order to see if the significant correlations between M ovinus, helminth egg, and 
protozoan cysts were still apparent after taking into account all the other species a 
GLM, with binomial error structure, was used to test for an association with 
presence/absence of each species (in turn) as the response variable and sex plus age 
plus presence/absence of all other species as the explanatory variables (excluding the 
interactions) for each year. These analyses were done within each year as there 
seemed to be substantial variation in prevalence between years. However, in order to 
see if any trends occurred across years, similar GLMs to those described above but 
with year fitted as a factor were also applied using all the data. Results are 
summarised in Tables A5.18-A5.21 and described below. 
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Table 5.3a Chi2 correlation (or where appropriate, Fisher's exact) test results for 
associations in prevalence between pairs of identified species/grouped species from 
living hosts in 2001. 
Strongyle Nemalodirus spp. C. longipes T. ovis M. expansa M ovinus 
E. ahsaia 0.083 0.000 0.619 NA 0.094 0.000 
E. bakuensis 0.124 0.002 0.614 NA 0.315 0.000 
E. crandal/is 0.882 0.045 1.000 NA 0.735 0.131 
E.faurei 0.277 0.005 1.000 NA 0.747 0.002 
E. granulosa 0.035 0.021 1.000 NA 0.391 0.004 
E. intricala 0.598 0.003 1.000 NA 0.009 0.021 
E. marsica 0.210 0.539 0.182 NA 0.554 0.010 
E. ovinoidalis 0.519 0.026 0.491 NA 0.180 0.312 
E. pal/ida 0.979 0.444 0.532 NA 0.520 0.360 
E.parva 0.079 0.017 1.000 NA 0.828 0.000 
E. weybridgensis 0.021 0.051 1.000 NA 0.759 0.004 
Mixed Eimeria 0.516 0.124 1.000 NA 0.360 0.132 
C. parvum 0.419 0.260 0.561 NA 0.554 0.027 
G. duodenalis 0.384 0.154 1.000 NA 0.314 0.002 
M ovinus 0.072 0.000 0.446 NA 0.304 * 
Table 5.3b Spearman's rank correlation tests of intensity of species from living hosts 
in 2001 (r(n-value. 
ova Strongyle Nematodirus spp. C. longipes T ovis Al. ovinus 
E. ahsaia +0.423 +0.465 -0.019 NA +0.577 
0.000 0.000 0.829  0.000 • bakuensis +0.421 ±0.373 -0.080 NA +0.502 
0.000 0.000 0.357  0.000 • crandallis +0.399 +0.363 -0.001 NA +0.513 
0.000 0.000 0.988  0.000 
E.faurei +0.274 +0.281 -0.081 NA +0.349 
0.001 0.001 0.346  0.000 
E. granulosa -0.218 -0.189 -0.014 NA -0.249 
0.012 0.029 0.870  0.004 
E. intricala +0.090 +0.298 -0.073 NA +0.284 
0.295 0.001 0.398  0.001 
E. marsica +0.289 +0.094 -0.122 NA +0.256 
0.001 0.277 0.157  0.003 
E.ovinoida/is +0.255 +0.219 +0.042 NA ±0.145 
0.003 0.011 0.623  0.097 
E.pal/ida +0.159 ±0.095 +0.028 NA +0.117 
0.066 0.273 0.743  0.137 
E. parva +0.445 ±0.259 -0.044 NA +0.536 
0.000 0.003 0.609  0.000 
E. weybridgensis +0.435 +0.309 -0.013 NA +0.506 
0.000 0.000 0.880  0.000 
Mixed Eimeria +0.459 +0.451 -0.044 NA +0.594 
0.000 0.000 0.606  0.000 
M. ovinus +0.401 +0.483 -0.115 NA * 
0.000 0.000 0.189  
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Table 5.4a Chi 2 correlation (or where appropriate, Fisher's exact) test results for 
associations in prevalence between pairs of identified species/grouped species from 
living hosts in 2002. 
Strongyle ts'ematodirus spp. C. longipes T ovis M expansa M ovinus 
E. ahsata 0.730 0.266 1.000 0.255 1.000 0.019 
E. bakuensjs 0.809 0.019 1.000 0.392 1.000 0.0002 
E. crandallis 0.955 0.283 0.372 1.000 0.547 0.019 
E.faurei 0.801 0.404 1.000 1.000 1.000 0.042 
E. granu/osa 0.103 0.287 1.000 1.000 0.542 0.703 
E. intricala 0.246 0.020 1.000 0.196 0.488 0.000 
E. marsica 1.000 0.168 1.000 1.000 1.000 0.038 
E. ovinoidaljs 1.000 0.347 1.000 1.000 1.000 0.001 
E. pa//ida 1.000 1.000 1.000 0.019 0.059 0.157 
E.parva 0.809 0.287 1.000 1.000 1.000 0.237 
E. weybridgensis 0.384 0.145 1.392 1.000 1.000 0.016 
Mixed Eimeria 0.304 1.000 0.098 1.000 1.000 0.579 
Cparvum 0.506 1.000 1.000 1.000 1.000 1.000 
G. duodenalis 0.624 0.347 1.000 1.000 1.000 0.023 
M. ovinus 1.000 0.010 1.000 0.157 0.407 * 
Table 5.4b Spearman's rank correlation tests of intensity of species from living hosts 
in 2002 (r(p-value). 
ova Strongyle Nematodirus spp. C. longipes T ovis Al. ovinus 
E. ahsaia +0.316 +0.242 -0.081 +0.219 +0.418 
0.026 0.087 0.564 0.121 0.003 
E. bakuensis ±0.278 +0.420 -0.109 +0.240 +0.655 
0.049 0.003 0.440 0.089 0.000 
E. crandallis +0.270 +0.366 -0.157 +0.207 +0.513 
0.056 0.009 0.264 0.143 0.0003 
E. faurei +0.307 +0.156 -0.051 -0.051 +0.352 
0.030 0.269 0.716 0.716 0.013 
E. granulosa -0.295 -0.200 -0.097 -0.097 -0.081 
0.037 1 	0.156 0.491 0.491 1 	0.565 
E. inlricata +0.450 +0.487 -0.069 +0.263 +0.781 
0.002 0.0006 0.624 0.063 0.000 
E. marsica +0086 +0.214 -0.069 -0.069 +0.345 
0.545 0.130 0.624 0.624 0.015 
E. ovinoidalis +0.194 +0.158 -0.047 -0.046 +0.573 
0.169 0.265 0.742 0.742 0.0001 
E.pal/ida +0.236 -0.041 -0.02 +1.000 ±0.342 
0.096 0.770 0.887 0.000 0.016 
E.parva +0.131 +0.312 -0.109 -0.109 +0.342 
0.352 0.027 0.440 0.440 0.016 
E. weybridgensis +0.183 +0.377 -0.154 +0.218 ±0.529 
0.196 0.007 0.277 0.123 0.0002 
Mixed Eimeria +0.067 +0.344 -0.221 +0.231 +0.528 
0.638 0.015 0.117 0.102 0.0002 
M ovinus +0287 +0.494 -0.061 +0.342 * 
0.042 0.0005 0.667 0.0  
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Table 5.5a Chi2 correlation (or where appropriate, Fisher's exact) test results for 
associations in prevalence between pairs of identified species/grouped species from 
living hosts in 2003. 
ova Strongyle Nematodfrus 
spp. 
C. longipes T. ovis Al. expansa M. 
 Ovinus 
E. ahsata 0.004 0.110 NA NA 0.523 0.000 
E. bakuensis 0.055 0.000 NA NA 0.542 0.000 
E. crandallis 0.075 0.001 NA NA 0.383 0.000 
E.faurei 0.000 0.095 NA NA 0.197 0.070 
E. granulosa 0.399 0.530 NA NA 0.311 0.018 
E. intricata 0.590 0.076 NA NA 0.746 0.0004 
E. marsica 0.418 0.000 NA NA 0.009 0.000 
E. ovinoidalis 0.197 0.097 NA NA 1.000 1.000 
E.pa!Iida 0.138 0.783 NA NA 0.712 0.760 
E.parva 0.016 0.006 NA NA 0.544 0.000 
E. weybridgensis 0.051 0.000 NA NA 0.439 0.0006 
Mixed Eimeria 0.064 0.075 NA NA 1.000 0.009 
C. parvum 0.778 0.099 NA NA 0.738 0.727 
G. duodenalis 0.731 0.013 NA NA 0.871 0.058 
M. ovinus 0.021 0.0002 NA NA 0.889 * 
Table 5.5b Spearman's rank correlation tests of intensity of species from living hosts 
in 2003 (r(p-value). 
ova Strongyle Nemalodirus spp. C. longipes T ovis Al. ovinus 
E. ahsaia +0.199 +0.166 NA NA +0.387 
0.016 0.045  0.000 
E. bakuensis +0.204 +0.513 NA NA +0.663 
0.014 0.000  0.000 
E. crandallis +0.226 +0.529 NA NA +0.552 
0.006 0.000  0.000 
E.faurei +0.049 +0.133 NA NA +0.204 
0.551 0.107  0.016 
E. granulosa -0.088 -0.074 NA NA -0.198 
0.285 0.369  0.019 
E. intricata +0.112 +0.205 NA NA +0.365 
0.174 0.013  0.000 
E. marsica +0.191 +0.377 NA NA +0.429 
0.021 0.000  0.000 
E. ovinoidalis +0.270 +0.203 NA NA +0.079 
0.001 0.014  0.347 
E.pallida +0.189 +0.013 NA NA +0.087 
0.022 0.877  0.304 
E. parva +0.218 +0.411 NA NA +0.502 
0.008 0.000  0.000 
E. weybridgerisis ±0.257 +0.513 NA NA +0.517 
0.002 0.000  0.000 
Mixed Eimeria ±0.299 +0.533 NA NA +0.623 
0.000 0.000  0.000 
Al. ovinus +0.135 +0.389 NA NA * 
0.109 0.000  
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2001 prevalence 
Using a GLM with binomial error structure to test for associations between species, 
taking into account the effects of sex, age and all other species, confirmed the positive 
association between M. ovinus and Nemalodirus spp. (p<0.05; Table A5.18) indicated 
by the Chi2 test results (Tables 5.3a). It also revealed three associations not 
previously detected. Two of these were positive associations between strongyle egg 
and E. weybridgensis (p<0.05; Table A5.19) and M expansa and E. intricala (p<0.05; 
Table A5.21) and one was a negative association between strongyle egg type and E. 
crandallis (p<0.005; Table A5.19). However, only the negative correlation between 
strongyle egg type and E. crandallis met the required level of significance after 
sequential Bonferroni correction. 
2002 prevalence 
Using a GLM with binomial error structure to test for associations between species, 
taking into account the effects of sex, age and all other species did not confirm the 
positive associations indicated by the Chi 2 test results (Table 5.4a). Instead it 
revealed four associations not previously detected. Two of the associations were 
positive between strongyle egg type and E. faurei (p<0.05; Table A5.19) and between 
M expansa and E. parva (p<0.05; Table A5.21). Two of the associations were 
negative between strongyle egg type and G. duodenalis (p<0.05; Table A5.19) and 
between M. expansa and E. crandallis (p0.05; Table A5.2 1). However, none of these 
associations met the required level of significance after sequential Bonferroni 
correction. 
2003 prevalence 
Using a GLM with binomial error structure to test for associations between species, 
taking into account the effects of sex, age and all other species confirmed two of the 
associations indicated by the Chi 2 test results (Table 5.5a). These were positive 
associations between M ovinus and E. bakuensis and E. parva (p<0.05; Table A5.18). 
It also revealed four positive associations not previously detected. These were 
between strongyle egg type and E. ahsaia (p<0.05; Table A5.19); Nematodirus spp. 
and C. parvum (p0.05; Table A5.20) and M expansa and E. marsica and E. pallida 
(p<0.05; Table A5.21). However, none of these associations met the required level of 
significance after sequential Bonferroni correction. 
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2001-2003 prevalence 
Using a GLM with binomial error structure to test for associations between species 
taking into account the effects of sex, age, year and all other species showed that M 
ovinus was significantly positively associated with Nematodirus spp., E. bakuensis 
and E. parva (p<0.05) (Table A5.18). These associations did not, however, meet the 
required level of significance post sequential Bonferroni correction. 
5.4.2 Parasite species intensities and diversity and host fitness 
Introduction 
Having established the epidemiology of the parasite species/types recorded from 
living hosts in the August of 2001-2003, it was possible to test whether there were any 
associations between measures of species intensities and host weight in the same 
August or, for those sheep measured in 2001, with survivorship through the 
population crash 2001-2. The results would indicate whether the different species 
tested had independent or correlated associations with the host fitness traits. Also, by 
combining all the data on the parasite species it was possible to test whether parasite 
diversity, measured using a simple count of the number of species or by using three 
separate diversity indices, showed any associations with host fitness. The results of 
the analyses testing these hypotheses follow the analysis of taxonomic distinctness 
below. 
Taxonomic distinctness 
In Chapters 3 and 4, diversity of gastrointestinal nematodes and Eimeria species were 
calculated using the Shannon-Weiner diversity index and were shown to decrease 
significantly with host age in crash-dead and living hosts respectively. In this section 
all metazoan and protozoan species data collected in the Augusts of 2001-2003 are 
brought together and diversity measured using Clarke and Warwick's taxonomic 
distinctness index (Clarke and Warwick 1998). Fig. 5.20 shows boxplots of the index 
values plotted by host sex and age. Taxonomic distinctness seemed to decrease with 
host age. 
In order to test for an association between the values and host age, sex and year, the 
normality of the error structure (Fig. 5.21) was evaluated using the qqplot function in 
S-plus before a LM with normal error structure and F test was applied. Results of the 
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analysis is given in Table A5.22 and show that there was a significant decrease in 
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Fig. 5.20 Boxplots of taxonomic distinctness index values, calculated for all 
metazoan and protozoan species for all hosts in all years and plotted by a) host sex 
and b) host age. 
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Fig. 5.21 Frequency distribution of taxonomic distinctness index values for all 
metazoan and protozoan parasites 2001-2003. 
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Associations between parasite infection and host weight in August 2001-2003. 
Parasite intensity 
In order to test if parasite intensity was associated with host weight, recorded in the 
August of 2001-2003, strongyle egg, Nematodirus spp., C longipes. T ovis, mixed 
Eimeria, C'. parvum and ked counts were used as explanatory variables alongside age, 
sex and year (excluding interaction terms) in a GLM with normal error structure with 
host weight as the response variable. 
Results are given in Table A5.23 and show that age, sex and year were strongly 
associated with host weight in August. Weight significantly decreased between 2001 
and 2002 but increased between 2002 and 2003 (p<O.00I). Of the parasite intensities, 
high levels of strongyle eggs (p<O.00I), mixed Eimeria species (p<0.05) and keds 
(p<0.001) were associated with lighter individuals. Only mixed Eimeria species did 
not meet the required level of significance after sequential Bonferroni correction. 
Parasite diversity 
Having established an association between intensity of infection of different parasite 
taxa and host weight, a similar analysis with parasite diversity was applied. Four 
measures of mixed parasitism were used. These were i) a count of the number of 
species ii) Shannon-Weiner diversity index values for helminth egg types and iii) 
Shannon-Weiner diversity index values for Eimeria species and iv) Clarke and 
Warwick's taxonomic distinctness index values for all metazoan and protozoan 
parasites from living hosts 2001-2003. Each set of index values were tested as 
described above for parasite intensity and the results are given in Tables A5.24-5.27. 
The results show that, although none of the diversity indices showed significant 
associations with host weight, the number of species identified was significantly 
negatively associated with host weight (p=0.00 1). 
Associations between parasite infection and host survival 2001-2002. 
Parasite intensity 
A more direct measure of host fitness than August weight is the probability of 
survival through a population crash, in this case the crash that occurred in early 2002. 
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Host survival, as a binary response variable, was tested in a GLM with binomial error 
structure with host age, sex, weight and strongyle egg, Nematodirus spp., C. longipes. 
mixed Eimeria species, C. parvum and ked counts as explanatory variables (excluding 
interaction terms). The results of the analyses are presented in Table A5.28 and show 
that there was a strong association between host age and survival (p<0.00 I) with older 
sheep more likely to survive. There were no significant associations with host sex, 
weight or with intensities of the different parasite species including strongyle egg 
type. This may reflect the fact that the sample size was too small for the previously 
well-documented association between strongyle egg count and survival (Illius, Albon 
et al. 1995; Coltman, Pilkington et al. 1999) to be detected. 
Parasite diversity 
Associations between host survival and parasite diversity were tested. Again, four 
measures of mixed parasitism were used. These were i) a count of the number of 
species ii) Shannon-Weiner diversity index values for helminth egg types and iii) 
Shannon-Weiner diversity index values for Eimeria species and iv) Clarke and 
Warwick's taxonomic distinctness index values for all metazoan and protozoan 
parasites from living hosts in 2001. These were tested for an association with host 
survival through the winter of 2002 as described above. The results are presented in 
Tables A5.29-5.32 and show that none of the measures were significantly associated 
with host survival. 
5.5 	Discussion 
Introduction 
Host-parasite relationships can only be fully understood by studying the living host 
population. Without the limitation of ascertainment, presented by examining only 
crash dead hosts, various measures of parasitism can be tested for associations with 
host fitness traits under different environmental conditions. In the Soay sheep of 
1-lirta, ked count and faecal helminth egg and mixed Eimeria oocyst count data are 
obtained each year. In 2001-2003 this data was supplemented with details of the 
intensity of the different Eimeria species along with prevalence of Cryptosporidium 
parvum and Giardia duodenalis. This represented the first major attempt to 
investigate the epidemiology of both metazoan and protozoan parasites in the 
population. It also presented an opportunity to test for associations between taxa and 
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to measure taxonomic diversity in the parasite infra-communities and test these values 
for associations with host weight in the August of three years of varying host 
population density and with the probability of host survival through a population 
crash. 
5.5.1 Epidemiology of metazoan parasites in living hosts 
Prevalence and intensity data for metazoan parasites infecting living hosts are 
obtained every August. Counts of the sheep ked, M ovinus can be made directly on 
the sheep. As observed in crash dead hosts (Chapter 3), infestation of the sheep ked 
in living hosts was significantly higher in lambs, especially male lambs (Figs. 5.2-5.6 
and Tables A5.1-A5.4). No association with year was detected but this may reflect 
the fact that counts were made in August and ked intensity is known to increase 
during the winter months (Bates 2000). 
Information on helminth infection in living hosts is restricted to indirect measures of 
faecal egg counts of gastrointestinal dwelling species. The five types of egg recorded 
are strongyle type, Nematodirus spp., Capillaria longipes, Trichuris ovis and 
Moniezia expansa (Fig Al .1). The most important count of strongyle type is also the 
most difficult to interpret. Five species. including the two dominant genera 
Teladorsagia and Trichostrongylus, whose intensities are now known to vary 
differently with host age in crash dead sheep (Chapter 3), produce this egg type. 
Strongyle egg prevalence and intensity decreased significantly with host age and 
prevalence was higher in males. There was also a significant association with year 
with lambs in the high density year of 2001 particularly prone to high counts (Figs. 
5.7-5.11 and Tables A5.5-A5.8). These results are consistent with previous findings 
in the Hirta Soay sheep population (Wilson, Grenfell et al. 2004). In living hosts 
across the three years. prevalence of Nematodirus spp. and Moniezia expansa 
decreased significantly with host age (Figs. 5.12-5.18 and Tables A5.9-A5.13). 
5.5.2 Associations between metazoan and protozoan parasites 
In natural host populations, component parasite communities are composed of a 
diversity of metazoan and protozoan parasite species. The infra-communities in 
individual hosts, recruited from this wider pool, reflect this diversity and mixed 
infections are the rule. According to Lotz and Font (1991) these parasite infra- 
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communities, replicated in a host population, therefore provide an excellent 
opportunity to examine community structure and assembly. 
An over-riding observation in such studies is that generally the number of positive 
associations between species far outnumber negative associations and for this reason 
Lotz and Font (1991) argue that positive associations are more important in 
explaining the number and kind of species present in infra-communities than negative 
associations. In this study, more positive than negative correlations and associations 
between different parasite taxa were observed (Tables 5.3-5.5), although the levels of 
significance of the GLMs failed to meet that of the sequential Bonferroni correction 
threshold value (Tables A5.18-A5.21). 
Most of the associations found here were between taxa of the same guild, that is 
occupying the same habitat in the host. In the small intestine, there were positive 
associations between prevalence of the tapeworm, M. expansa and various species of 
Eimeria across the three years (Table A5.21) and between Nematodirus spp. and C 
parvum in 2003 (Table A5.20). Positive associations between strongyle egg type and 
various Eimeria species were also observed across the years (Table A5.19) but as 
strongyle type eggs are produced by nematode species occupying the abomasum, 
small intestine and large intestine it is not clear if these represent associations between 
taxa of the same guild. Of particular interest were the positive associations between 
taxa occupying different niches in the host, these were between the ked, M ovinus 
and Nematodirus spp. and Eimeria spp. (Table A5.18). 
Positive associations between parasite taxa may simply be a reflection of a similar 
response to host condition or may be a manifestation of facilitation of one parasite 
taxon by another. Experimental studies reviewed by Christensen, Nansen et al. 
(1987) have shown that protozoan and helminths can exert synergistic effects on each 
other. For instance studies involving the interaction of the parasites Nematodirus 
battus and Eimeria species in lambs (Catchpole and Harris 1989), strongyle and 
Eimeria species in kids (De La Fuente, Cuquerella et al. 1993) and Cooperia punctata 
(Davis, Herlich et al. 1959), Sirongyloides papillosus (Davis. Herlich et al. 1960a), 
Trichostrongylus co1ubrformis (Davis, Herlich et al. 1960b) and Eimerja species in 
calves have shown that these concurrent infections are more detrimental to the host 
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than singular species infections would be. 	Associations between arthropod 
ectoparasites and endoparasites have been less well investigated, although James, 
Carmichael et al. (2002) discovered a positive correlation between intensity of the 
sheep louse, Damalinia ovis and Trichostrongylus vitrinus. From the results 
presented in this chapter many of the apparent correlations disappear in analyses 
which take into account the age and sex of the host. This implies that most of the 
positive correlations between species are simply due to variation in host condition. 
Negative associations between parasite taxa were less frequently observed in this 
study. In 2002, there was a negative association in prevalence between M expansa 
and E. crandallis (Table A5.2 1) and between strongyle egg type and E. crandallis in 
2001 (Table A5.19) and with G. duodenalis in 2002 (Table A5.19). These negative 
associations may be as a result of suppression of protozoan cyst excretion by helminth 
parasites (Christensen, Nansen et al. 1987). For instance, Roberts-Thomson, Grove et 
al. (1976) have shown that Trichinella spiralis is capable of suppressing Giardia 
muris cyst excretion in Swiss albino mice. 
5.5.3 Parasite species intensities and diversity and host fitness 
By testing for associations between host weight in August 2001-3 and the intensities 
of several parasite species/types simultaneously it was found that high levels of 
strongyle eggs, Eimeria oocysts and keds were independently associated with lighter 
individuals (Table A5.23). There was also a negative association between the total 
number of parasite species identified and host weight (Table A5.24) but there was no 
significant association linking host weight with the other indices of mixed parasitism 
which measured taxonomic distinctness, helminth egg or Eimeria species diversity 
(Tables A5.25-A5.27). 
In previous research, survival through a population crash was shown to be 
significantly negatively associated with host age (Wilson, Grenfell et al. 2004) and 
strongyle egg count (Illius, Albon et al. 1995; Coltman, Pilkington et al. 1999) and 
with host sex (Wilson, Grenfell et al. 2004). Only the association with age was 
confirmed in this analysis (Table A5.28): however Coltman, Pilkington et al. (1999) 
used data across several population crashes and it is probable that the sample size here 
was not big enough to detect the well-documented strongyle egg count association as 
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an independent explanatory variable from host age. As previously found with 
helminth diversity (Chapter 3) and Eimeria diversity (Chapter 4), taxonomic 
distinctness of parasite species significantly decreased with increasing host age (Table 
A5.22). However, there was no significant association with probability of host 
survival for any of the measures of mixed parasitism (Tables A5.29-A5.32). 
It is clear that high intensities of some parasite species are independently negatively 
associated with host weight and that the greater the number of parasite species 
identified the lighter individual hosts were. The lack of association between parasite 
diversity and host weight and survival may be explained by small sample size or the 
fact that we lose crucial information by counting strongyle egg as a single group. 
Elucidating the diversity of species within the strongyle egg grouping is, however, 
possible using molecular techniques (Wimmer, Craig et al. 2004; Appendix 2) and 
this could be applied in future research (see Chapter 6). The other interpretation is 
that no association with survival was found because pure infections of highly 
taxonomically related and competitive species are more detrimental to the host than 
infections of high diversity including less pathogenic and mainly satellite species. 
5.6 Summary 
In living hosts across the years 2001-2003; 
Prevalence and intensity of the sheep ked, M ovinus significantly decreased with 
host age with male lambs particularly prone to high infection. 
Strongyle egg prevalence and intensity significantly decreased with host age and 
prevalence was higher in males than females. Lambs were especially prone to high 
counts in 2001. 
Prevalence of Nematodirus spp. significantly decreased with host age and was 
higher in males than females. 
Prevalence of Moniezia expansa significantly decreased with host age. 
Generally there were more positive than negative associations between prevalence 
and intensity of different parasite taxa. 
Taxonomic distinctness of parasite species significantly decreased with host age. 
Host weight varied between years and was independently negatively associated 
with high intensities of strongyle eggs and keds and tended to be independently 
negatively associated with high intensities of Eimeria oocysts. 
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Host weight in the Augusts of 2001-2003 was significantly negatively associated 
with the number of parasite species identified. 
Neither host weight in the Augusts of 2001-2003 nor the probability of host 
survival through the population crash of 2001-2002 was associated with parasite 
diversity. 
I MIN 
5.7 Appendix to chapter 5 
Introduction 
This appendix accompanies chapter 5. Tables of raw prevalence and intensity data, 
GLM analyses of the epidemiology of metazoan parasites in living hosts and GLM 
analysis of associations of parasite intensity and diversity with host fitness are 
presented. Significant values, subject to sequential Bonferroni correction, are 
highlighted in bold. 
Epidemiology of metazoan parasites in living hosts 
Melopha pus ovinus 














2001 75.0 16.67 20.0 6.67 36.54 38.75 
2002 77.78 * * 2.44 33.33 13.33 
2003 89.39 17.65 * 17.07 64.15 43.18 
Table A5.2 Results of a GLM, with binomial error structure, testing for an association 
between age, sex and year with M ovinus prevalence. The final model explained 
34.46 % of the deviance. 
Term  ADeviance d.f. Pr (Chi) Association 
Accepted Age 145.01 1 0.000 Decreasing 
Sex 1.34 1 0.24 - 
Age:sex 4.01 1 0.04 Higher in male lambs 
Rejected Year 3.98 2 0.13 - 
Age:year 1.94 2 0.37 - 
Sex:year 4.59 2 0.10 - 
Age:sex:year 1.51 2 0.47 - 
Table A5.3 Mean counts (± 95% Cl) of M. ovinus in sheep from each year by host 
ae and sex. 
August Lambs Yearlings Two year olds Adults All males All females 
2001 3.21±0.93 0 0.20±0.19 0.07±0.09 1.86±0.91 1.01±0.44 
2002 1.89±1.65 * * 0.02±0.05 0.83±1.39 0.29±0.33 
2003 2.74±0.57 0.18±0.13 * 0.19±0.14 1.89±0.63 1.08±0.39 
We 
Table A5.4 Results of a GLM, with negative binomial error structure, testing for an 
association between age, sex and year with M ovinus intensity. The final model 
explained 54.93 % of the deviance. 
Term  ADeviance d. f. Pr (Chi) Association 
Accepted Age 303.82 1 0.000 Decreasing 
Sex 1.36 1 0.24 - 
Age:sex 11.40 1 0.0007 Higher in male lambs 
Rejected Year 1.66 2 0.43 - 
Age:year 4.14 2 0.12 - 
Sex:year 0.66 2 0.72 - 
Age:sex:year 4.27 2 0.11 - 
Stronqyle @M type  














2001 90.38 83.33 55.0 50 88.46 38.75 
2002 88.89 * * 65.85 83.33 68.89 
2003 81.82 91.18 * 53.66 90.56 67.64 
Table A5.6 	Results of a GLM, with binomial error structure, testing for an 
association between age, sex and year with strongyle type egg prevalence. The final 
model explained 10.68 % of the deviance. 
Term  ADeviance d.f. Pr (Chi) Association 
Accepted Age 31.04 1 0.000 Decreasing 
Sex 9.06 1 0.002 Higher in males 
Rejected Year 2.75 2 0.252 - 
Age:year 1.56 2 0.46 - 
Sex:age 1.21 1 0.27 - 
Sex:year 0.14 2 0.93 - 
Sex:age:year 3.39 2 0.18 - 
Table A5.7 Mean counts (± 95% Cl) of strongyle type eggs in sheep from each year 
by host aze and sex. 
August Lambs Yearlings Two year olds Adults All males All females 
2001 1441.67 325.81 171.43±103.94 78.33±34.56 801.85+261.51 527.78±311.64 
±479.58 ±94.68  
2002 622.22 * * 147.56±62.09 666.67±433.61 187.78±85.16 
±389.63  
2003 339.71 400 * 145.56±62.92 431.48±97.18 214.52±65.56 
± 91.34 	1 ±129.69 	1  I 
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Table A5.8 Results of a GLM, with negative binomial error structure, testing for an 
association between age, sex and year with strongyle type egg count. The final model 
explained 15.57% of the deviance. 
Term  ADeviance d. f. Pr (Chi) Association 
Accepted Age 53.89 1 0.000 Decreasing 
Year 3.86 2 0.14 - 
Age:year 14.53 2 0.0006 Highest in lambs in 2001 
Rejected Sex 3.48 1 0.062 - 
Age:sex 0.35 1 0.55 - 
Sex:year 1.47 2 0.48 - 
Age:sex:year 0.26 2 0.88 - 
Nematodirus spp. 














2001 44.23 0 0 0 26.92 11.25 
2002 44.44 * * 0 16.67 6.67 
2003 34.85 2.94 * 0 28.30 10.23 
Table A5.10 Results of a GLM, with binomial error structure, testing for an 
association between age, sex and year with Nemalodirus spp. egg prevalence. The 
final model explained 39.12% of the deviance. 
Term  ADeviance d. f. Pr (Chi) Association 
Accepted Age 104.71 1 0.000 Decreasing 
Sex 8.00 1 0.004 Higher in males 
Rejected Year 0.67 2 0.71 - 
Age:year 1.63 2 0.44 - 
Sex:age 0.45 1 0.50 - 
Sex:year 1.51 2 0.47 - 
Sex:age:year 0.00 	12 0.99 - 
Table A5.11 Mean counts (± 95% Cl) of Nematodirus spp. eggs in sheep from each 
year by host aze and sex. 




All males All females 
2001 229.17±119.12 0 0 0 101.85±59.46 183.56±40.79 
2002 155.56±249.41 * * 0 33.33±85.7 26.67±45.14 
2003 94.12+41.88 2.94±5.94 * 0 66.67±38.12 31.18±24.07 
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Moniezia expansa 














2001 17.31 6.67 10 6.67 9.62 12.5 
2002 11.11 * * 4.88 16.67 4.44 
2003 15.15 26.47 * 2.44 22.64 9.09 
Table A5.13 Results of a GLM, with binomial error structure, testing for an 
association between age, sex and year with Moniezia expansa egg prevalence. The 
final model explained 3.85 % of the deviance. 
Term  ADeviance df. Pr (Chi) Association 
Accepted Age 4.34 1 0.03 Decreasing 
Rejected Sex 0.58 1 0.44 - 
Year 0.96 2 0.61 - 
Age:year 0.48 2 0.78 - 
Sex:age 1.16 1 0.28 - 
Sex:year 3.59 2 0.16 - 
Sex:age:year 1.46 2 0.47 - 
Capillana Ion qipes 
Table A5.14 Prevalence (%) of Capillaria longipes eggs each year by host age and 













2001 0 10 0 0 5.77 0 
2002 0 * * 2.44 0 2.22 
2003 0 0 * 0 0 0 
Table A5.15 Mean counts (± 95% CI) of Capillaria longipes eggs in sheep from 
each year by host aie and sex. 
August Lambs Yearlings Two year olds Adults All males All females 
2001 0 9.68±11.02 0 0 5.56±6.29 0 
2002 0 * * 2.44±4.93 0 2.22±4.49 
2003 0 0 * 0 0 o 
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Trichuris ovis 














2001 0 0 0 0 0 0 
2002 11.11 * * 0 16.67 0 
2003 0 0 * 0 0 0 
Table A5.17 Mean counts (± 95% Cl) of Trichuris ovis eggs in sheep from each year 
by host ae and sex. 
August Lambs Yearlings Two year olds Adults All males All females 
2001 0 0 0 0 0 0 
2002 11.11±2.56 * * 0 16.67±42.85 0 
2003 0 0 * 0 0 0 
Associations between metazoan and protozoan parasites 
Table A5.18 Summarised results of GLMs, with binomial error structure, testing for 
associations between presence of Melophagus ovinus with host age, sex and other 
species within and across years. Only significant associations with other species are 
shown. 
Year Accepted term ADeviarice df Pr (Chi) Association 
2001 Nematodirus spp. 5.03 1 0.024 Positive 
2003 E. bakuensis 4.90 1 0.027 Positive 
E. parva 6.19 1 0.013 Positive 
All Nematodirus spp. 4.69 
years  
1 0.03 Positive 
E. bakuensis 5.89 1 0.015 Positive 
E. parva 5.41 1 0.019 Positive 
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Table A5.19 Summarised results of GLMs, with binomial error structure, testing for 
associations between presence of strongyle eggs with host age, sex and other species 
within and across years. Only significant associations with other species are shown. 
Year Accepted term ADeviance df Pr (Chi) Association 
2001 E. crandallis 8.34 1 0.003 Negative 
E. weybridgensis 5.30 1 0.021 Positive 
2002 E.faurei 4.07 1 0.043 Positive 
G. duodenalis 6.63 1 0.010 Negative 
2003 E. ahsata 4.39 1 0.036 Positive 
Table A5.20 Summarised results of GLMs, with binomial error structure, testing for 
associations between presence of Nematodirus spp. with host age, sex and other 
species within and across years. Only significant associations with other species are 
shown. 
Year Accepted term ADeviance df Pr (Chi) Association 
2003 C. parvum 3.74 1 0.053 Positive 
Table A5.21 Summarised results of GLMs, with binomial error structure, testing for 
associations between presence of Moniezia expansa with host age, sex and other 
species within and across years. Only significant associations with other species are 
shown. 
Year Accepted term ADeviance df Pr (Chi) Association 
2001 E. intricata 4.51 1 0.033 Positive 
2002 E. crandallis 3.82 1 0.051 Negative 
E. parva 5.00 1 0.025 Positive 
2003 E. marsica 5.66 1 0.017 Positive 
E. pallida 4.67 1 0.031 Positive 
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Parasite diversity and host fitness 
Table A5.22 Results of a LM, with normal error structure, testing for an association 
between age, sex and year with taxonomic distinctness of parasite species in living 
hosts 2001-2003. The final model explained 0.08 % of the variance. 
Term  Sum of sq d.f. Pr (F) Association 
Accepted Age 59.85 1 0.000 Decreasing 
Rejected Sex 0.94 1 0.53 - 
Year 6.89 2 0.24 - 
Age:year 2.26 2 0.62 1 	- 
Sex:age 0.21 1 0.77 - 
Sex:year 11.59 2 0.9 - 
Sex:age:year 15.53 2 0.04 - 
Associations with host weight 
Table A5.23 Results of a GLM, with normal error structure, testing for an association 
between age, sex, year, FEC, mixed Eimeria spp. count and M ovinus count. C 
parvum count and weight of living hosts 2001-2003. The final model explained 
79.86% of the deviance. 
Term  ADeviance d. f. Pr (F) Association 
Accepted I Age 7684.14 1 0.000 Increasing 
Sex 1286.90 1 0.000 Higher in males 
Year 237.29 2 0.000 Lowest in 2002 
Strongyle egg count 89.81 1 0.0006 Decreasing 
Mixed Eimeria spp. 43.74 1 0.016 Decreasing 
M ovinus count 87.34 1 0.0007 Decreasing 
Rejected C longipes 0.00 1 0.99 - 
T ovis 3.49 1 0.49 - 
Nematodirus spp. 13.32 1 0.18 - 
C parvum 	1 8.87 	1 1 	1 0.28 	1 - 
Table A5.24 Results of a GLM, with normal error structure, testing for an association 
between age, sex, year and number of species and weight of living hosts 2001-2003. 
The final model explained 78.70 % of the deviance. 
Term ADeviance df. Pr(F) Association 
Accepted Age 7842.24 1 0.000 Increasing 
Sex 1422.58 1 0.000 Higher in males 
Year 222.29 2 0.000 Highest in 2003 
No. of species 88.78 1 0.001 Decreasing 
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Table A5.25 Results of a GLM, with normal error structure, testing for an association 
between age, sex, year and Shannon-Weiner index of diversity of helminth eggs and 
weight of living hosts 2001-2003. The final model explained 78.04% of the deviance. 
Term  ADeviance d. f. Pr(F) Association 
Accepted Age 7765.23 1 0.000 Increasing 
Sex 1313.53 1 0.000 Higher in males 







Table A5.26 Results of a GLM, with normal error structure, testing for an association 
between age, sex, year and Shannon-Weiner index of diversity of Eimeria spp. and 
weight of living hosts 2001-2003. The final model explained 76.69 % of the deviance. 
Term  ADeviance d. f. Pr(F) Association 
Accepted Age 6560.59 1 0.000 Increasing 
Sex 1142.66 1 0.000 Higher in males 




of diversity  
0.60 - 
Table A5.27 Results of a GLM, with normal error structure, testing for an association 
between age, sex, year and taxonomic distinctness of all parasite species and weight 
of living hosts 2001-2003. The final model explained 77.98 % of the deviance. 
Term  ADeviance d. f. Pr(F) Association 
Accepted Age 7842.24 1 0.000 Increasing 
Sex 1422.58 1 0.000 Higher in males 







Associations with host survival 
Table A5.28 Results of a GLM. with binomial error structure, testing for an 
association between age, sex, weight and FEC, Eimeria spp. count, M ovinus count, 
C parvum count and host survival 2001-2002. The final model explained 13.61 % of 
the deviance. 
Term  ADeviance d. f. Pr(Chi) Association 
Accepted Age 12.45 1 0.0004 Juveniles associated low 
survivorship 
Rejected Sex 2.54 1 0.11 - 
Weight 1.09 1 0.29 - 
C. parvum 5.62 1 0.02 - 
Strongyle egg 
count 
0.00 1 0.93 - 
Mixed Eimeria 
spp. count 
0.20 1 0.65 - 
M ovinus count 0.69 1 0.40 - 
Nemalodirus spp. 	1 0.06 	1 1 0.79 - 
C. longip 	1 0.19 1 1 0.66 	1 - 
Table A5.29 Results of a GLM, with binomial error structure, testing for an 
association between age, sex, weight and number of parasite species and host survival 
2001-2002. The final model explained 9.84 % of the deviance. 
Term ADeviance d. f. Pr(Chi) Association 
Accepted Age 12.45 1 0.0004 Decreasing 
Rejected Sex 0.40 1 0.523 - 
Weight 2.28 1 0.13 - 
No. of species 1.37 1 0.24 - 
Table A5.30 Results of a GLM, with binomial error structure, testing for an 
association between age, sex, weight and Shannon-Weiner index of diversity of 
helminth eggs and host survival 2001-2002. The final model explained 11.77 % of the 
deviance. 
Term  ADeviance d. f. Pr(Chi) Association 
Accepted Age 12.45 1 0.0004 Decreasing 
Rejected Sex 0.40 1 0.52 - 
Weight 2.37 1 0.12 - 
Shannon-Weiner index of 
diversity  
4.53 1 0.03 - 
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Table A5.31 Results of a GLM, with binomial error structure, testing for an 
association between age, sex, weight and Shannon-Weiner index of diversity of 
Eimeria spp. and host survival 2001-2002. The final model explained 8.24 % of the 
deviance. 
Term  ADeviance d. f. Pr(Chi) Association 
Accepted Age 8.79 1 0.003 Decreasing 
Rejected Sex 0.43 1 0.51 - 
Weight 3.00 1 0.08 - 
Shannon-Weiner index of 
diversity 
0.06 1 0.8 - 
Table A5.32 Results of a GLM, with binomial error structure, testing for an 
association between age, sex, weight and taxonomic distinctness of all parasite 
species and host survival 2001-2002. The final model explained 9.02 % of the 
deviance. 
Term ADeviance d.f. Pr(Chi) Association 
Accepted Age 12.45 1 0.003 Decreasing 
Rejected Sex 0.40 1 0.52 - 
Weight 2.28 1 0.13 - 
Taxonomic distinctness index 0.00 1 0.98 - 
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Chapter 6: General discussion and future directions 
6.1 	Introduction 
Elucidating the diversity of parasite species in a host population is a prerequisite to 
understanding how parasites and their hosts co-exist and how the relationship can 
ultimately steer the direction of natural selection. The primary aim of this thesis was 
to present a comprehensive inventory and epidemiological survey of all species of 
parasite infecting the Soay sheep of 1-lirta, St. Kilda and to investigate associations 
between parasite taxa and host traits as a preliminary step towards exploring whether 
parasite diversity plays a role in the maintenance of host genetic diversity. This 
chapter highlights the contributions of this research, the ways in which it challenges 
previous findings and the implications it has for future directions of host-parasite 
studies in the St. Kilda Soay sheep population. 
6.2 General discussion 
Prior to the research presented in this thesis, all parasitological research on the St. 
Kilda Soay sheep population had focussed on the helminth parasites and in particular 
on one ahomasum species. Teladorsagia circumcincta (Gulland 1992; Wilson, 
Grenfell et al. 2004). This focus had been directed by the findings of Gulland (1992), 
that Teladorsagia spp. accounted for around 75% of the helminth species recovered 
from the entire gastrointestinal tract of sheep that died in the population crash of 
1989. The present research, however, has presented a clear challenge to the notion 
that Teladorsagia spp. has a parasitological monopoly in the St. Kilda Soay sheep. 
The discovery that absolute intensities of the physically smaller Trichostrongylus 
species surpassed levels of Teladorsagia spp. in some individuals was made by using 
an estimation technique which eliminated the potential bias of only counting the more 
conspicuous nematode species. This finding demonstrates an important general point 
raised by (Kassai 1999a) that unless accurate techniques are used in nematode burden 
estimation even large numbers of small worms may be simply overlooked. 
Using the improved estimation technique in the population crash of 2002 revealed 
that in fact three nematode species. namely Teladorsagia spp., Trichostrongylus axei 
and Trichostrongylus vitrinus predominated. Furthermore, the relative abundance of 
the two genera varied differently with host age class. Both species of 
11 - iC1U).S'trOnllu. decreased significantly with increasing host age whereas intensity of 
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Teladorsagia spp. actually increased with host age until the age of two years. As a 
result, in contrast to previous findings in lambs (Gulland 1992), combined 
Trichosirongylus spp. made up around 75% of the burden and not Teladorsagia spp in 
this age class. 
This finding has implications for our interpretation of the main species contributing to 
strongyle egg counts. Until now it has been assumed these counts have been 
predominantly comprised of Teladorsagia spp. and by implication that the higher 
counts observed in juveniles and males were due to higher burdens of this species 
(Wilson. Grenfell et al. 2004). This research has shown that abundance of 
Trichosirongylus species was significantly higher and made up a higher proportion of 
the strongyle-egg producing female adult community in male sheep than female 
sheep. Therefore, it seems more likely that the higher strongyle egg counts generally 
observed in juvenile male sheep may be a consequence of Trichostrongylus species 
and not Teladorsagia species as previously believed and, by implication, this species 
may be more likely to contribute to increased mortality in juvenile males in 
population crashes (Chapter 3). 
Another finding which challenges the idea that nematode parasites are the most 
important taxa infecting the sheep was the discovery of thirteen species of protozoa in 
the population. Most of these species have intracellular phases in their life-cycle and 
are, therefore, likely to be exerting additional and conflicting demands on the immune 
system of the host. Examining the epidemiology of the protozoan species across three 
years of varying population density revealed several points for discussion. Of 
particular interest was the association between prevalence and intensity of some 
species with host population density and, by implication, condition. While 
Cryptosporidium parvum seemed to vary positively with host population density, 
mixed Eimeria species intensity showed a distinct lag, peaking in the low host density 
year of 2002 and reaching lowest levels two years after the population crash (Chapter 
4). 
A consistent observation throughout the research was the high number of positive 
correlations between parasite species in terms of prevalence and abundance. This 
occurred not only for species of the same genus such as Trichostrongylus (Chapter 3) 
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and Eimeria (Chapter 4) but also between taxa with disparate modes of parasitism 
such as between Melophagus ovinus and Nematodirus spp. and Eimeria spp. This 
observation may be a reflection of the fact that many species simply prefer the same 
habitat or that certain parasite species facilitate others. A test for this point was to see 
what happened to the correlations when analyses took into account host age, sex and 
year (host density). Since many of the correlations disappeared when these aspects 
were accounted for, it seems probable that most of the positive correlations were 
simply due to a convergence in preference of different parasite species for similar 
habitats. 
A second question concerned what effect different parasite species might have on 
individual variation in host condition. The main piece of evidence that intensities of 
other species as well as nematodes have a detrimental association with host condition 
was given in Chapter 5. Intensities of strongyle egg, the ectoparasitic keds 
(Melophagus ovinus) and, to a lesser extent, mixed Eimeria species each explained 
independent variation in host body weight recorded in the Augusts of 2001-2003. 
Parasite species intensities seemed to be more strongly negatively associated with 
host condition than measures of parasite diversity. Diversity of helminth and Eimeria 
species and overall taxonomic diversity including all species decreased significantly 
with host age but were not significantly associated with host weight or survival 
through a population crash (Chapter 5). 
6.3 	Future directions 
The findings about the ecological aspects of the Soay sheep-parasite system described 
in this thesis have some resonance for our endeavours to understand how parasite 
resistance evolves in a host population harbouring diverse parasite species. Three 
overriding findings have broadened our perception of this host-parasite system. 
Evidence for differential variation in abundance of the predominant nematode genera 
with host age has challenged our interpretation of the main species contributing to 
strongyle egg count. A significant contribution to our knowledge of the parasite 
species infecting the population was made with the identification of thirteen species of 
protozoa. There is also evidence that infections with helminths, protozoa and 
arthropods have independent negative associations with host weight. Taken together 
these findings imply that different taxa occupying different niches including those 
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exhibiting extracellular and intracellular phases of parasitism could potentially select 
different host resistance alleles. 
As explained in Chapter 1, despite evidence that strongyle nematode parasites have 
the potential to promote nematode resistance in the St. Kilda Soay sheep population, 
heritable variation in resistance to this group is maintained. There is a possibility, 
therefore, that the maintenance of host genetic variation in the population is an 
optimal response to co-infection with diverse parasites. Several studies testing 
whether parasite diversity could maintain host genetic diversity are reviewed by 
Wegner, Kalbe et al. (2004) and have shown that in general co-infection with several 
parasite species maintains polymorphism at the MHC. These studies have mainly 
examined diversity of metazoan parasites in fish populations. In the St. Kilda Soay 
sheep there is now an opportunity to test the hypothesis using data on both metazoan 
and protozoan parasites which have disparate methods of parasitism, eliciting 
different demands on the host immune system. 
Balancing selection could be in operation for resistance to helminths and protozoa due 
to the Th I /Th2 trade-off response against these groups (Chapter 1). According to 
Graham (2002) this trade-off in immunological response between extracellular and 
intracellular parasites is particularly concentrated where the parasite taxa co-infect the 
same niche in the host. In the context of the Soay sheep, this immunological dilemma 
could be considered to be particularly heightened in juveniles exposed, for instance, to 
simultaneous highly intense infections of Trichostrongylus vitrinus and 
Cryptosporidium parvum in the small intestine at a time of high host population 
density when malnutrition places additional stress on the host ability to withstand 
infection (Chapters 3 and 4). 
A first step towards testing if extracellular and intracellular parasite species are 
maintaining genetic variation through antagonistic pleiotropy would be to use the data 
in the present research to test for associations between parasite species 
presence/absence and intensity with host genotype at various loci such as MHC loci, 
interferon gamma. adenosine deaminase and with average heterozygosity or 
inbreeding coefficient. Heritability has already been demonstrated for strongvle egg 
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counts (Coltman, Wilson et al. 2001) and could be tested using many years of mixed 
Eimeria species and ked (M ovinus) intensity data already available. Ultimately, it 
would be more useful test for genetic correlations between burdens of different 
parasite species, for example, within the strongyle species grouping to show if sheep 
genetically resistant to one parasite species are genetically resistant or susceptible to 
another. 
In order to generate the larger sample sizes required for such analyses a rapid and 
robust method of parasite species identification and quantification from faecal 
samples from living hosts would be required. At the moment burdens of the 
predominant nematode species can only be obtained from necropsy sampling of hosts 
which died in a population crash, presenting an immediate ascertainment problem: no 
data are available for population crash surviving hosts or living hosts in low mortality 
years. Using faecal egg counts from living hosts only provides limited information as 
the predominant nematode species produce similar strongyle type eggs which cannot 
be differentiated morphologically and therefore occur in unknown proportions. One 
extremely promising avenue of research which may provide a suitable method is the 
species specific differentiation of helminth eggs concentrated from faecal samples 
using ITS-2 DNA regions developed by Dr. Barbara Wimmer (Wimmer, Craig et al. 
2004; Appendix 2). Dr. Wimmer was able to use this method to obtain prevalence for 
nine helminth species in living St. Kilda Soay sheep in April 2003 (Fig. 6.1). 
This method might be a precursory step towards development of a quantitative PCR 
approach which would ideally provide an indication of the intensities of helminth 
eggs of different species per gram of faeces. In order to achieve this, however, a few 
technical difficulties would have to be resolved. For instance, purifying the eggs from 
refrigerated faecal samples was extremely labour intensive and meanwhile eggs 
continued to develop making quantification of the DNA an unrealistic prospect. 
Ideally, it would be more practical to apply the method directly to frozen faecal 
samples. However, when this was attempted success was limited by the inhibitory 
effects of faecal debris in the PCR reactions (B. Wimmer, personal communication). 
If this difficulty could be surmounted further refinement would be required to 
calibrate the method. This would involve comparing results from the quantitative 
PCR with post mortem adult worm counts for individual sheep in order to account for 
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species differences in biology such as adult sex ratio and fecundity, stage of egg 
development and ITS copy number. 
Helminth species detected by PCR of eggs in faecal samples in 















Fig. 6.1 Prevalence of eggs of nine helminth species in 3g faecal samples from Soay 
sheep in April 2003 determined by species-specific ITS-2 markers by Dr. Barbara 
Wimmer. Species abbreviations are Bt=Bunosiomum trigonocephalum, CoChahertia 
ovina, Df= Dictyocaulus fl/aria, Nb= Nemalodirus battus, Nf=Nernatodirus flhicollis, 
Ta=Trichostrongylus axei, Tc=Teladorsagia circurncincta, ToTrichuris ovis and 
Tv=Trichostrongylus vitrinus. (n31, 40, 30, 23 for each host sex-age class 
respectively. Graph created by and shown courtesy of Dr. Wimmer. 
The preference for freezing faecal samples as a method of long term sample storage 
has driven the need to develop molecular methods for retrospective testing for 
protozoan parasites like Cryptosporidium parvum. As a consequence several 
molecular methods have been developed to detect as little as a single oocyst directly 
from frozen faeces (Leng, Mosier et al. 1996; Ward and Wang 2001). In the future it 
may be possible to do this for other protozoa such as G. duodenalis (McIntyre, Hoang 
et al. 2000). Such a technique developed for ovine Eimeria species would be 
particularly useful for the Soay sheep study due to the labour intensive nature of 
differentiating each species by morphology. So far, differential molecular diagnosis 
of Ei,neria species has been achieved in chickens (Woods, Whithear et al. 2000; Lew, 
Anderson etal. 2003; Su. Fei etal. 2003). pigs (Ruttkowski. Joachim etal. 2001) and 
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rabbits (Cere, Humbert et al. 1996) where oocysts are more difficult to distinguish 
based on morphology. Again, further development of these methods would be 
required to give quantitative data. 
If quantitative data for parasitic ova from faecal samples could be obtained using 
molecular methods, a multiplicity of analyses concerning species intensities and host 
fitness components could be applied. For instance, quantifying the eggs from 
different nematode species could reveal more about how different species are 
presenting challenges to hosts at different stages of life. Elucidating the intensities of 
different species contributing to strongyle egg counts would also add more 
information to the parasite diversity indices. It would then be possible to test if 
parasite diversity maintains host genetic diversity by using the improved diversity 
indices to test for associations with host genetic variation. 
Despite the efforts of this thesis, we may not have identified all the immunological 
challenges faced by the St. Kilda Soay sheep, since there are likely to be bacterial and 
viral pathogens present as well. This possibility has been recently addressed to some 
extent and tests for the most likely contenders including Johne's disease 
(Mycobacterium paratuberculosis), enzootic abortion of ewe (Chiamydia psittaci), 
Mycoplasma ovipneumoniae, Border disease virus and Maedi-Visna virus have 
yielded negative results (Wilson. Grenfell et al. 2004). According to Wilson, Grenfell 
et al. (2004), this finding is consistent with the theory that bacterial and viral 
infections are less likely to become endemic in island populations than parasite 
species infections due to differences in the transmission potential and epidemiology of 
the disease causing agents. This implies, therefore, that parasite species endemic in 
the St. Kilda Soay sheep population are more likely to influence natural selection than 
pathogens. 
In nature, infections with multiple and taxonomically diverse parasite species are the 
norm, but few studies of wild animal populations have attempted to examine the 
epidemiology of all the metazoan and protozoan species present. Part of the reason 
for this may be due to the fact that micro-parasites, such as gastrointestinal protozoa, 
are simply overlooked or not tested for. As Magurran (2004a) points out, in any study 
of biological diversity, the number of species discovered is directly proportional to 
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sampling effort and the diversity of parasite species now known to infect the St. Kilda 
Soay sheep is a reflection of the thorough parasitological investigations that have 
taken place over the years (Wilson, Grenfell et al. 2004). 
With over twenty parasite species, the Soay sheep harbour fewer parasites than, for 
instance, the saiga antelope of Kazakhstan which share much of their grazing with 
domestic livestock and harbour thirty-eight helminth species (Morgan, Shaikenov et 
al. 2005) yet not so few as the Svalbard reindeer, an isolated ruminant population in 
the Arctic, which harbours only two helminth parasite species (Stein, Irvine et al. 
2002) or red grouse populations in the north of Scotland which harbour only one 
species (Moss, Watson et al. 1993). Prior to this research, it was generally believed 
that within the diverse component parasite community of the Soay sheep only 
Teladorsagia circumcincta predominated, making it a relatively simple host-parasite 
system. This research, however, has revealed a more complex situation in which it 
appears that no one species predominates throughout the life of the host. In light of 
this it could be argued that the system is too complex to test specific theories 
regarding associations with host genetic variation. Nevertheless, by taking advantage 
of parallel experimental research on the genetic basis of parasitic disease in 
domesticated sheep, the population still provides a unique opportunity to understand 
the evolutionary consequences of co-infection in the wild. 
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Appendix 1: Taxonomy 
A1.1 Introduction 
This appendix provides taxonomic descriptions and photomicrographs of the 
metazoan and protozoan parasites whose epidemiology are described in the thesis. 
Type specimens of each of the metazoan species have been archived in the 
parasitology collection at Kings Buildings. University of Edinburgh. 
A1.2 Helminths 
gg types in faecal samples 
Five distinctive helminth egg types are observed in faecal samples and are described 
in Table A1.1 and shown in Fig. A1.1. Three can be identified to species level and 
one to genus level but strongyle egg morphology is common to five species of 
gastrointestinal helminth species. 
Table A1.1 Morphology of egg types encountered on McMaster slides. 
Measurements given by Thienpont, Rochette et al. (1986). 
Egg type Diagnostic features Length range Width range 
(Pm) (.tm) 
Trichuris ovis Lemon shaped and brown with 70-80 30-42 
protruding white polar plugs.  
Capillaria Barrel shaped and 45-50 22-25 
longipes orange/brown with slightly 
protruding polar plugs.  
Moniezia expansa Triangular and brown 50-60 
containing piriform apparatus  
Nematodirus spp. Large with convex (N. 130-200 67-90 
fihicollis) or parallel (N. 
batius) walls.  
Strongyle type Medium sized and non 70-125 30-60 
larvated. Type encompasses 
Teladorsagia spp., 
Trichostrongylus spp.. B. 
trigonocephalum and C. 
ovina.  
Small and larvated (S. 47-65 25-26 
ni/fl/I/fl Vu V 
14 
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Fig. A1.1 Egg types seen on McMaster slides a) Trichuris ovis b) Capillaria longipes 
c) Moniezia expansa d) Nematodirus spp. e) Strongyle type egg. All images were 
taken at 40 x magnification, except C longipes at 1 OOx magnification. 
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Adult helminth morphology 
Table A1.2 Diagnostic features of helminth species. Measurements given by Soulsby (1986) and Kassai (1999). 
Site Species Diagnostic features Size 
(cm) General Adult male Adult female 
Lungs Muellerius capillaris Nodule dwelling Small bursa Vulva near tail 0.5-3.0 
Diciyocaulusjllaria Trachea and bronchi dwelling Large bursa with stout spicules Typically full of 3.0-8.0 
larvated eggs  
Abomasum Teladorsagia Cervical papillae Long slender spicules. Eggs lie slantwise 0.7-1.2 
circumcincia 
Teladorsagia davtiani Cervical papillae Stout spicules with median spines and accessory bursal Eggs lie slantwise 
membrane shows tuberosity  
Teladorsagia trfircata Cervical papillae Stout spicules with median spines and accessory bursal Eggs lie slantwise 
membrane supported by two rays  
Trjchostron'Jus axei Cervical notch Asymmetric spicules and gubernaculum Eggs lie pole to pole 0.3-0.8 
Small Trichostrongylus Cervical notch Leaf like spicules and gubernaculum 0.4-0.8 
intestine vitrinus 
Nematodirus battus Entangled worms resemble cotton Heart shaped fused spicule tip and two sets of parallel Tail pointed 1.0-2.5 
wool rays on bursa 
Nemazodirus fl/leo//is Entangled worms resemble cotton Lance shaped fused spicule tip and four sets of parallel Tail blunt with spine 1.0-2.0 
wool rays on bursa 
Bunostomum Hooked head with large buccal - - 1.2-2.6 
trigonocephalurn capsule and chitinous teeth 
Strongvloides papil/osus Long bulb shaped oesophagus - - 0.3-0.6 
Capillaria longipes Long and thread like - - 0.8-2.0 
Moniezia expansa Broad proglottids - - Up to 
600 
Large Trichuris ovis Whip shaped; small and thin head end - - 3.5-8.0 
intestine  compared to the tail.  
Chabertia ovina Head has large buccal capsule with - - 1.3-2.0 
leaf crowns 
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Fig. A1.2 Morphology of Muellerius capillaris a) adult from nodule b) adult head c) 
adult female tail. 





Fig. A1.3 Morphology of Diciocau1us fl/aria d) larvated eggs in adult female e) 
adult head g) adult male tail. 
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Abomasum 



















Fig. A1.4 Morphology of Trichostrongylus axei a) adult head showing notch in neck 
b) adult male tail showing asymmetrical spicules; Teladorsagia spp. c) adult head 
showing cervical papillae d) adult male spicules of T. circumcincta e) adult male 
spicules of T davtiani and T irifurcala; accessory bursa] membrane of f) T davtiani 
and g) T. trilurcala. 
am 
Small intestine 
Nematodirus battus and Nematodirus filicollis 









Fig. A1.5 Morphology of Nematodirus hattus; a) adult female tail c) adult male 
spicule tip e) adult male bursa showing two sets of parallel rays and Nematodirus 
fllicollis b) adult female tail d) adult male spicule tip f) adult male bursa showing four 
sets of parallel rays. 
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Fig. A1.6 Morphology of Cvapillaria  longipes a) adult head b) adult male tail. 




a 	b 	- 
Fig. A1.7 Morphology of Triciii, i'lgt/u. vitrinus a adult head showing notch in 
neck b) adult male bursa showing leaf like spicules. 
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Fig. A1.8 Morphology of Sirongyloides papillosus a) adult head showing long bulb 
shaped oesophagus b) middle section showing eggs c) tail. 
Bunostomum trigonocephalum 
Fig. A1.9 Morphology of Bunostomum trigonocephalum a) adult head b) male bursa 
c) female tail. 
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Chabertia ovina a) adult head b) male bursa 
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Fig. A1.11 Morphology of Trichuris ovis a) adult head b) adult male tail. 
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A1.3 Protozoa 
Morphometrics and morphological features of the protozoan oocyst were used to 
identify thirteen species from three genera (Table A1.3). Identification of sporulated 
Eimeria oocysts were made using the guidelines set out by Eckert, Taylor et al. (1995) 
and Duszynski and Wilber (1997). 
Table A1.3 Morphometrics of the oocysts of the parasitic protozoa. 
n Length Qim) 




± (1 x S.E) 
Width range 
(Pm) 
C. parvum 214 3.98 ± 0.10 2.78 - 	7.48 3.84 ± 0.09 2.44 - 6.53 
G. duodenalis 75 14.66±0.19 12.3 	-16.3 8.99±0.15 7.49-10.49 
E. ahsaia 33 40.02 ± 1.15 33.58-46.34 23.74 ± 0.36 21.29-26.61 
E. bakuensis 27 33.08 ± 0.86 27.98-37.11 19.49 ± 0.36 18.21 -21.75 
E. crandallis 20 23.35±0.63 21.50-27.14 18.39± 1.93 17.2 	-21.03 
E.faurei 11 31.46± 1.80 26.38-34.85 21.83±0.89 19.43 -24.05 
E. granulosa 11 29.84 ± 1.43 27.87-35.47 21.68 ± 0.82 20.27 -24.65 
E. inlricata 10 52.64 ± 2.02 49.67-59.09 34.85 ± 1.44 31.7 	-38.35 
E. marsica 14 20.56± 1.73 16.3 	-29.7 15.09± 0.74 12.43-17.84 
E. ovinoidalis 22 25.43 ± 0.76 20.97-28.46 19.34 ± 0.41 17.24 -20.86 
E.pallida 21 14.74±0.31 13.39- 16.05 10.86±0.25 9.73-11.73 
E.parva 11 14.42±1.22 11.22-18.09 14.32± 1.39 11.26- 19.47 
E. weybridgensis 23 25.44 ± 0.52 22.55 - 26.97 18.36 ± 0.36 16.71 - 19.94 
Cryptosporidium pa,vum 
Cryptosporidium parvum oocysts, measured from Zeihi-Neelsen slides (Fig. Al. 12m), 
averaged 3.98 jim x 3.84 jim with an average shape index of 1.04 (Table A1.3). The 
size range was consistent with morphological descriptions of the species given by 














Fig A1.12 The parasitic protozoa of the St. Kilda Soay sheep. a) E. intricata b) E. 
ahsata c) E. granulosa d) E. Jaurei e) E. bakuensis 1) E. ovinoidalis g) E. 
weybridgensis h) E. crandallis i) E. marsica j) E. parva k) E. pallida I) G. duodenalis 
and m) C. parvum. All images taken at lOOx magnification. 
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Giardia duodenalis 
Giardia duodenalis cysts averaged 14.66 pm x 8.99 jim with an average shape index 
of 1.64 (Table Al.3). The cyst shown in Fig. A1.121 has been stained with iodine 
solution to enhance the internal structures including the typical clawhammer-shaped 
median body. The size range and morphology was consistent with descriptions of the 
species given by Thompson, Hopkins et al. (2000) and Olson and Buret (2001). 
Eimeria ahsata 
Eimeria ahsata oocysts (Fig. A1.12b) averaged 40.02 pm x 23.74jim (Table A1.3). 
The oocyst was typically ovoid or pyriform in shape and beige in colour with a 
red/yellow wall and white polar cap. The elongate sporocysts had distinctive residual 
bodies including one or two large refractile spheres. The size range and morphology 
are consistent with descriptions of the species given by Levine, Smith et al. (1962), 
Batelli and Poglayen (1980), Vercruysse (1982), M.A.F.F. (1986), Hidalgo-Arguello 
and Cordero-del-Campillo (1988) and Amarante and Barbosa (1992). 
Eimeria bakuensis 
Eimeria bakuensis (syn. E. ovina) oocysts (Fig. Al .1 2e) averaged 33.08 Pm x 
19.49j.im (Table Al.3). The oocyst was typically ellipsoidal in shape and lilac in 
colour with a pink/yellow wall and white polar cap on a micropyle. Sporocysts were 
leaf shaped and contained residual bodies including refractile globules. 
Differentiation from E. weybridgensis and E. crandallis was made using the 
guidelines set out by Norton, Joyner et al. (1974). The size range and morphology are 
consistent with descriptions of the species given by Levine (1973), M.A.F.F. (1986), 
Vercruysse (1982) and Amarante and Barbosa (1992). 
Eimeria crandallis 
Eimeria crandallis oocysts (Fig. A1.12h) averaged 23.35 pm x 18.39jim (Table 
A1.3). The oocyst was typically ellipsoidal in shape and lilac/blue or lilac/pink in 
colour with a lilac or yellow wall and with or without a polar cap on a micropyle. 
Sporocysts were broad measuring on average 11.1± 0.46jim by 7.12+ 0.44jim and 
contained residual bodies including refractile globules. Differentiation from E. 
weybridgensis and E. bakuensis was made using the guidelines set out by Norton, 
Joyner et al. (1974). The size range and morphology are consistent with descriptions 
IM 
of the species given by Levine (1973), M.A.F.F. (1986), Vercruysse (1982) and 
Amarante and Barbosa (1992). 
Eimeria faurei 
Eimeriafaurei oocysts (Fig. A1.12d) averaged 31.46 pm x 21.83 pm (Table A1.3). 
The oocyst was typically ovoid in shape and lilac/grey or lilac/yellow in colour with a 
lilac or yellow wall and distinctive micropyle without a polar cap. The size range and 
morphology are consistent with descriptions of the species given by Levine (1973), 
M.A.F.F. (1986) and Vercruysse (1982). 
Eimeria granulosa 
Eimeria granulosa oocysts (Fig. Al .1 2c) averaged 29.84 pm x 21 .68jim (Table 
Al .3). The oocyst was typically urn shaped and lilac/beige in colour with a yellow 
wall. There is a distinctive micropyle and white polar cap often appearing to slip off. 
Prominent refractile globules in the sporocysts appear green/yellow in colour. The 
size range and morphology are consistent with descriptions of the species given by 
Levine (1973) and M.A.F.F. (1986). 
Eimeria intricata 
Eimeria intricala oocysts (Fig. Al. 12a) averaged 52.64 pm x 34.85 jim (Table A1.3). 
The oocyst was distinctively dark brown with a white polar cap and thick rough and 
striated walls. The size range and morphology are consistent with descriptions of the 
species given by Levine (1973), M.A.F.F. (1986), Vercruysse (1982) and Amarante 
and Barbosa (1992). 
Eimeria marsica 
Eimeria marsica oocysts (Fig. A1.12i) averaged 20.56 jim x 15.09jim (Table A1.3). 
The oocyst was typically ellipsoidal and lilac/blue in colour with a barely perceptible 
polar cap. The size range and morphology are consistent with descriptions of the 
species given by M.A.F.F. (1986) 
Eimeria ovinoidalis 
Eimeria ovinoidalis oocysts (Fig. A1.12f) averaged 25.43 pm x 19.34pm (Table 
A1.3). The oocyst was typically ellipsoidal in shape and lilac/blue in colour with a 
distinct thinning of the wall at the micropyle and no polar cap. Occasionally polar 
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granules were present. The size range and morphology are consistent with 
descriptions of the species given by Norton (1986), M.A.F.F. (1986), Vercruysse 
(1982) and Amarante and Barbosa (1992). 
Eimeria pal/ida 
Eimeria pallida oocysts (Fig. A1. 12k) averaged 14.74 .im x 10.86j.tm  (Table Al.3). 
The oocyst was typically ellipsoidal in shape with a yellow wall. The size range and 
morphology are consistent with descriptions of the species given by Levine (1973), 
Vercruysse (1982) and M.A.F.F. (1986). 
Eimeria parva 
Eimeria parva oocysts (Fig. A 1.1 2j) averaged 14.42 pm x 1 4.32tm (Table A 1.3). 
The oocyst was typically spherical in shape and lilac in colour. There was a barely 
perceptible micropyle, no polar cap and broad sporocysts. The size range and 
morphology are consistent with descriptions of the species given by Levine (1973), 
Vercruysse (1982) and M.A.F.F. (1986). 
Eimeria weybridgensis 
Eimeria weybridgensis oocysts (Fig. A1.12g) averaged 25.44 Pm x 18.36im (Table 
A1.3). The oocyst was typically ellipsoidal in shape and lilac/blue or yellow/pink in 
colour with a lilac or yellow wall and polar cap present or absent on a micropyle. 
Sporocysts were elongated measuring on average 13.28 ±O.52im by 6.58 ±0.24tm 
contained residual bodies including refractile globules. Differentiation from E. 
crandallis and E. bakuensis was made using the guidelines set out by Norton, Joyner 
et al. (1974). The size range and morphology are consistent with descriptions of the 
species given by Amarante and Barbosa (1992) and M.A.F.F. (1986). 
197 
A1.4 Arthropods 
Melopha pus ovinus and Damalinia ovis 
11 ¶j 
a 
Fig. A1.13 a) Melophagus ovinus and b) Damalinia ovis. Photographs copyright of 
Upton (2005) and Schrank (2005) respectively. 
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Considerable effort has been put into detecting and identifying parasitic nematodes in live ruminants, but to date most studies are limited to 
small group of nematodes and/or to experimentally infected sheep. In this study, a PCR-based assay using species-specific primer pairs, 
cated in the second internal transcribed spacer ribosomal DNA, was developed to identify nine different species from six different families 
parasitic nematodes in a wild, unmanaged and naturally infected population of sheep. Each primer pair was tested for its specificity and 
nsitivity and it exclusively amplified the species it was designed for and exhibited a high degree of sensitivity. The method was applied to 
gs and cultured larvae to identify the parasitic nematodes present in a pooled faecal sample from several host individuals with unknown 
irasite burden. To test detection reliability, a faecal sample from an individual with known parasite burden (through post-mortem analysis) 
as also examined. All species present could be correctly identified by PCR, but detecting very low levels and/or early stages of infection 
oved to be difficult. The method was also tested for its applicability to high through-put screening of faecal samples. 
2003 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved. 
'ywords: Parasitic nematodes: Parasite diversity: Species identification; High through-put; Soay sheep: Natural infection 
Introduction 
Parasitic nematodes are of major medical, economic and 
elfare importance. Worldwide, they are the cause of 
idespread medical problems in humans (Petney and 
ndrews. 1998), and of significant losses in livestock 
oduction (Coop et al.. 1982: Fox, 1997: Kahn et al.. 2000; 
op and Kyriazakis. 2001). 
Most hosts actually harbour mixed infections of a variety 
helminth species, and this introduces many complications 
understanding host-parasite interaction. Different 
ecies vary significantly in their pathogenicity and 
sceptibility to anthelmintic drugs (Dobson et al.. 1996: 
hnieder et al.. 1999: Humbert et al.. 2001: Leignel and 
ibaret. 2001). Mixed infections are regarded as having a 
ore severe impact on hosts than single species infections 
tear et al.. 1998). and species composition seems to play 
important role in the severity of infection (Sykes, 1994). 
Nucleotide sequence data reported in this paper are available in 
nBank' under the accession numbers AY439019-AY439027. 
Corresponding author. Tel.: +44-131-650-5510: fax: +44-131-650-
54. 
E-mail address: b.wimmer@ed.ac.uk  (B. Wjmmer), 
A significant problem with mixed infection is detection and 
identification of the causative species: faecal egg counts are 
commonly pooled counts for most or all species, since 
helminth eggs and larvae are notoriously difficult and time-
consuming to identify to species level. Reliable identifi-
cation of the helniinth species represented in faecal samples 
is therefore highly desirable for practical purposes. 
In this paper, we introduce a molecular approach to 
studying the relationships between helminth species within 
living hosts. Our study system is the unmanaged, isolated, 
individually monitored population of Soay sheep on Hirta. 
St Kilda which are under persistent natural selection for 
parasite resistance (Gulland et al.. 1993). Despite this strong 
selection, we have shown that there is significant additive 
genetic variation for FEC in this population (Coltman et al.. 
2001) and now wish to explore whether helminth species 
diversity can help to explain this conundrum. 
Much effort has gone into the search for unambiguous 
markers for different helminth species (Campbell et al.. 
1995: Gasser et al.. 1999: Gasser, 2001). The second 
internal transcribed spacer rDNA (ITS-2) has been shown to 
be a suitable region for species delineation in nematodes and 
has been successfully employed in several studies 
10-7519530.00 © 2003 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved. 
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(Gasser et al.. 1993; Gasser and Monti. 1997; Newton et al., 
1998; Heise etal., 1999: Schnieder et al., 1999; Hodgkinson 
et al., 2001; von Samson-Himmelstjerna et al., 2002). 
However, most of these studies have been restricted to 
species within a single genus or family of parasitic 
nematodes (Hung et al.. 1996: Hoste et al., 1998; Oliveros 
et al., 2000). In this paper we present the development of 
species-specific ITS-2 markers for nine species from six 
different families of parasitic nematodes found in the Soay 
sheep: Bunostomum irigonocepha/um (Ancylostomatidae). 
Chabertia ovina (Chaberti i dae). Dictyoca u/us fl/aria 
(Dictyolcaulidae), Ne,natodirus hattus and Nematodirus 
fihicollis (Molineidae), Trichostrongylus axei, Trichostron-
gYlus vitrinus (Trichostrongylidae), Trichuris avis (Trichur-
idae) and Teladorsagia circumcincta (including 
Te/adorsagia davtiani and Teladorsagia trifurcata). The 
use of these markers for identification of species from bulk 
DNA extractions of eggs and larvae from faecal samples 
was tested, as well as the applicability of the method for 
high through-put screening. 
2. Materials and methods 
2.1. Preparation of genoniic DNA from single worms 
and development of species-specific markers 
Genomic DNA was obtained from individual adult male 
worms. These were collected from the abomasum, the small 
and large intestine and the lungs upon post-mortem 
examinations of several hosts which died in 2002 in a 
population crash on St Kilda and then morphologically 
identified to the species level. The worms were placed into a 
buffer containing 100 mM Tris—HCI, 500 m KCI and 1% 
Tr i t ion® X-100 and subjected to several freeze—thaw 
cycles. Fifty micrograms of proteinase K were added, the 
sample was incubated overnight at 56 °C and subsequently 
boiled for 10 mm. 
A fragment spanning the 3'-end of the 1 8S rDNA and the 
5'-end of the 26S rDNA of approximately 1.2 kb was 
amplified using the primers cited by Vrain et al. (1992). 
PCR reactions were carried out in a 50 p.1 reaction volume 
using 200 p.M dNTPs (each), 0.5 p.M of each primer and 
1.5 U Taq polymerase Expand High Fidelity (Roche) with 
the buffer supplied. Amplification was performed in a 
PTC-220 DyadTM thermocycler (Mi Research) with an 
initial denaturation at 94 °C for 2 mm. followed by 35 cycles 
at 92 °C for I mm (denaturation), 55 °C for I mm (anneal-
ing) and 72 °C for I mm (elongation) and a final elongation 
step at 72 °C for 10 mm. The PCR products were column 
purified with MinEluteTM spin columns (Qiagen), sequenced 
directly with BigDyem' Terminator v3.0 (ABI Prism) and 
aligned with ClustaIW (Thompson et al.. 1994). At least 
10 individual worms per species were sequenced with the 
exception of D. filaria, for which only six worms were 
found. All sequences were compared with existing  
sequences in GenBank to confirm their identity. Specie5 
specific primers were designed with Oligo 4.0 software 
give maximum specificity as well as fragments of differer 
lengths (see Table I). 
2.2. Preparation of genoinic DNA from faecal samples 
and amplification 
Faecal samples from male and female sheep of all ag 
classes were collected in August 2002 and pooled. Egg  
were harvested with a standard salt flotation metho 
(MAFF. 1986). Larvae from a faecal culture of the sam 
sample pool were collected using a modified Baerman 
technique (MAFF, 1986). DNA from these samples w 
extracted using a standard phenol—chloroform extractio 
(Sambrook et al.. 1989). DNA was precipitated and deane 
with MinEluteTM spin columns (Qiagen). As faecal sampk 
contain various PCR inhibitors. DNA was diluted 1:10 
minimise their effect. The species-specific fragments we, 
amplified in 10 p.1 reaction volumes with the same PC. 
conditions as above, using 0.35 U Taq polymerase an 
0.4 p.M of each primer. DNA was amplified with an initi 
denaturation step of 2 min at 94 OC,  35 cycles at 92 °C f 
30 s, 52 or 58 °C (T. ovis only) for 30 s and 72 °C for 30 
and a final elongation step for 10 min at 72 °C. 
A final test for the reliability of this technique was I 
compare the species composition identified by morpholog 
cal techniques from post-mortem samples and the moleculi 
method using an egg harvest of a faecal sample of the sarr 
animal. The sample was taken from a healthy (the faecal eg 
count was low at 100 eggs/g faeces) animal (AY123) th 
died in a fight during the rut in November 2002. 
To determine whether this approach was appropriate ft 
high through-put screening using an ABI 3730 DN, 
analyser (Applied Biosystems). the same PCR conditior 
were used, but one primer of each primer pair w 
fluorescently labelled on the 5' end (see Table I). T 
PCR products from all nine species were pooled ar 
electrophoresed with a size standard (LIZ T 500. Appli 
Biosystems) in a single capillary. The fluorescent produc 
were detected and sized as they passed through the Iasi  
detection system. The procedure was then applied to 
sample of faecal egg harvests from individual hos 
collected in April 2003. The eggs were extracted 
described above. 
3. Results 
All primers were tested for their specificity. No noi 
specific amplification was observed and none of the prime 
yielded an amplification product with host DNA (s 
Fig. 1). As bulk preparations from faecal samples we 
used, it was also important to check for cross-inhihitoi 
effects between DNA samples from all the species in PC 
amplification. We tested all possible species combinatioi 




primer sequences used and fragment sizes obtained for each nematode species in this study 
ematode species Primer sequences in 5'-3' direction Fragment 




9uno.uomurn trigonocephalu,n For- AGT AAT TCC CAT TCA AGA 171 NED AY439022 
GCA (413-433) 
Rev-GCA AAT AAC ATA AAT ATC 
ATT G1T C (559-583) 
Thabertia ovina For-CAT GTG TGA ICC TCG TAC 158 VIC AY439021 
TAG ATA AGA (409-435) 
Rev-ATG AAC CGT ACA CCG TFG 
TCA (546-566) 
), t troc oulus filana For-GAA iTO CAG ACG CU AGA 330 NED AY439020 
GIG G (116-137) 
Rev-CAT ACG AIC GCA 1TF CU 
ICT (425-445) 
Veniarodjrus hattus For-CCG GTA TAC CCA fl'C AAO 148 PET AY439023 
TAA GG (363-385) 
Rev-CTA CAG TCA GU CCC CGT 
TO (386-505) 
Veinatodjru.s- fihjeolljs For-CÁO TCA ATC CCA UC AAG 146 6-FAM AY439024 
TGA A (294-315) 
Rev-OTT AAG AGC AGO TCC CCG 
ATC (418-438) 
fr.ehostro,uv!us (,xei For-AGO OAT AlT AAT GTC Gil' 72 NED AY439026 
CA (478-497) 
Rev-TGA TAA rrC CCA liT TAG 
TTF (426-446) 
re!t,dor.s',gia circurncjncta For-TCA CAT ITT TGT GTC ACA 320 6-FAM AY439025 
AlT ATC (93-116) 
Rev-CAO GAA COT TAC GAC GOT 
AAT (392-412) 
rri(.huris ovis For-OTC OGC lTf ITA CCC TCC 182 VIC AY4390 19 
TA (339-358) 
Rev-ACC AGC OCA CCI AOC UC 
CA (501-520) 
riehostrong v!us lit thins For-AGO AAC AlT AAT GTC OTt 104 VIC AY439027 
ACA (362-382) 
Rev-CTG iii' OTC OAA TOO TTA 
1TA (279-299) 
Figures in brackets show the positions of each primer within the sequenced fragment 
tgainst each other and no such effect was observed. To 
letermine whether it would be possible to detect a single 
gg in a faecal sample. genomic DNA from single 
ndividual adult worms from each species was quantified 
vith a TD-360 uluorometer (Turner BioSystenis) using 
icoGreen (Molecular Probes) and serially diluted. The 
ninimum amount of DNA still detectable on an agarose gel 
'aried among species. At least 15 pg were needed to 
chieve amplification for T. axei and 30 pg for 
' circumcincra. whilst 10 pg DNA sufficed to give a 
iositive signal for all other species (Fig. 2). These vary 
only slightly from the limits for T axei (50 pg) and 
T. circumcincta (12.5 pg) found by Schnieder et al. (1999). 
In DNA from the pooled faeces larval culture, a PCR 
product could be detected on an agarose gel for five out of 
the nine species (positive for C. ovina. D. fl/aria. T. axei. 
T. circunicincta and T. vii rinus, but no product for 
B. trigonocepha/u,n, N. hattus, N. .fihicol!is and T avis) 
(Fig. 3). Further amplifications, however, showed varying 
results in the ability to detect all the species every time. 
For example. the presence of B. trigonocepha/uni in the 
larval culture was quite obvious in other rounds of 
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Fig. I. 1 lic ciid internal rnnerihed spaccr segments aitiplilied ss i0i ..peeies-specific primers troni adult worm DNA of each species. M, 100 hp ladder: Bt, 
Bunostwnunz trig(mo(ephalum: Co. Chabertia o%ini; Df. Di<tvaeaulu.cfiliarici; Nb. Nenuiwdiru.s banns; Nf, Nenuoilirus fl/leo//is: Ta, Trie/wsirongvlus axe,: 
Tc, Tehidorsagia e,reu,newela: Tv. Triehostro,,gv/us ,'iirinus: To. Trichuris avis. The numbers refer to species DNA: I. BI: 2. Co: 3, Df: 4. Nh:5. Nf: 6, Ta: 7, 
Tc: 8, Tv: 9. To: Soay sheep. host DNA: controls. no DNA. 
amplifications, whereas T circumeincta sometimes failed 
to amplify. All the species showing a positive signal in 
the larval culture could also be found in the egg harvest of 
the same pooled faecal sample. Additionally there was 
a positive signal for B. trigonocephalum and N. hattus in 
the egg harvest (Fig. 3). 
Although all the species-specific ITS-2 primers were able 
to identify the species at all developmental stages. they did 
not distinguish between the three TeIados'agia morphs. 
There is an ongoing debate as to how many species this 
complex represents (see Leignel et al., 2002). No fixed 
differences could he found between the three morphs in their 
ITS-2 sequence in this study, which is in accordance with 
results from other rDNA and allozyme studies (Andrews 
and Beveridge. 1990; Stevenson et al., 1996). 
In the post-mortem examination of the male AY 123 the 
following species were found: T. circumciuc!a. T. axei. 
B. irigonocephaluin. N. fihicollis. N. haitus (low numbers) 
and C. 01mb. The species identified by using the molecular 
markers and the faecal sample were identical with the 
exception of N. filico/lis and N. hatitis which could not he 
detected. 
Using an ABI 3730 DNA analyser. all species could he 
reliably identified, but it did not increase the detection limit 
for each species significantly. The use of different fragment 
lengths combined with different fluorescent labels allowed 
the detection of all nine species within a single capillary 
with individual hosts showing different combinations of 
nematode eggs present (Fig. 4).  
4. Discussion 
Our study shows that it is possible to simultaneously 
detect and identify a wide range of parasitic nematodes front 
naturally infected wild populations of sheep using ITS-2 
Fig. 2. Sensitis ity assessnient for the different primer pairs; It) jig tciiiplat 
DNA was used for all species except Triehostrongvlus axel (15 pg) anc 
Teladorsagia cireinneincta 30 pg). Thirty picograms yielded a clear, hu 
weak signal in T cireunuincra. 
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Fig. 3. Detect i ii at species ftain eggs and lars ac dcii ed I win I aceal sa upics at u nkii 	n parasite composition (pooled egg, pooled larvae) and troni a faccal 
sample of sheep AY123 (see text); the extra smaller hand (approx. 50 hp) in this lane represents primer—dimers which may also indicate PCR inhibition to a 
certain extent in the faccal sample; Ne,,uaoI/irus boitu.s and Ne,natodi,ig. jilieolli.s are undetected in this sample. 
sequences. Parasite diversity can thus be monitored quickly 
and cost-effectively for a greater number of hosts over time 
and in future the method could also be modified for 
quantification of parasites using real-time PCR (Bell and 
Ranford-Cartwright, 2002: von Samson-I-li iii melstjerna 
et al., 2002). 
The varying DNA quantity threshold levels of the 
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10 and 30 pg) could be due to several factors, including 
differences in primer binding and differing length of 
fragments. Nevertheless, the sensitivity achieved (using 
adult worm DNA) corresponds to the DNA amount of less 
than an egg (see Schnieder et al.. 1999). 
The fact that not all species could be detected at all times 
in the faecal samples could be due to variable amounts of 
l)NA in the diIi,ient preparations, or to low infection levels 





... I _to -I  
 -- 
NegMrve cordrols 
Fig. 4. AHI 373)) DNA anaIser ereening tar presence at flUe neiiiatod specic in taeca( egg harvest DNA at indisidual SoaN heep; each panel shoss, an 
individual host and the different parasite species detected: each lane also has an internal size standard (as seen in the negative control panel) making accurate 
sizing of the fragments possible: Ht. Bunosiuinuni rr.'gonocephalum: Co. chabertia ovina: Df. Dictvoeaulu.rfihiaria: Nb, Nernatodirigs hanus; Nf, Nemiodirus 
fihicolli.s; Ta. Trit-/iostronyIus a.iei: Te. Teladorsagia circgmicineja; Tv. Trichostronitylus vz.trinus: To. Trichuris ovis. 
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of certain species. The samples were taken from healthy 
animals and the missing species are usually of very low 
prevalence in the Soays on St Kilda. Hence, it is very likely 
that these species were not represented in the sample. 
Furthermore, the samples had been stored at 4 °C for several 
days and prolonged cold storage is also known to affect 
larval survival (McKenna, 1998). The need to dilute 
samples to minimise the effect of PCR inhibitors present 
in faecal samples might have aggravated the problem 
further. 
All the species giving a positive signal in the larval 
culture were also found in the egg sample demonstrating a 
good level of congruence. The species not found in the 
larval culture need special conditions to hatch. Ne,natodirus 
larvae need a frost period to larvate, whereas B. trigono-
cephalu,n arrests development at temperature below 15 °C 
completely. However, in principle one could get positive 
results from a larval culture without a positive signal in the 
egg extraction of the same faecal sample due to the fact that 
larvae have more cells and therefore a higher DNA content, 
something that may play an important role when egg output 
is low. As von Samson-Himmelstjerna et al. (2002) have 
pointed out, larvae might give a more reliable signal, 
although some studies indicate that not all species may 
survive culturing equally well (Berrie et al., 1988). We 
conclude that eggs are a more reliable source of DNA than 
larvae for parasite detection. Instead of carrying out egg 
harvests as in the present study, another approach would be 
to extract and amplify DNA directly from the faecal samples 
(see e.g. Dinkel et al., 1998; Hung et al., 1999; Verweij et al., 
2001). 
The comparison of the morphological versus a molecular 
identification of helminths in the same host individual 
revealed two important points. First, no false positives were 
found in the molecular assay. This is of significance if the 
goal of a management program is to avoid unnecessary 
treatment. Second, as shown by the failure to detect 
N. fihicollis and N. battus in the AY 123 faecal sample, very 
low infection levels might go undetected, as might prepatent 
infections. No Nematodirus eggs could be detected in the 
egg count of AY123 and the post-mortem examination 
showed that most of the Neniatodirus females were 
immature. In this respect, molecular detection is no more 
accurate than morphological detection, although it is 
obviously faster. 
PCR-based approaches as presented here will become an 
important tool for investigating host - parasite interactions 
as well as for livestock management. The ability to monitor 
individual hosts rapidly over time will make it possible to 
investigate the contribution of different helminth species to 
total parasite burden, the ecological relationships between 
helniinth species and the magnitude and direction of genetic 
correlations between resistance to different nematode 
species in host populations. 
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